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Jrd Annual
SCOLE Workshop

SPONSORED BY NASA LANGLEY RESEARCH CENTER ¢
UCLA LABORATORY for FLIGHT SYSTEMS RESEARCH

Monday, November 17,1986 Building 1232, Rm 236
NASA Langley Research Center Hampton, Virginia

7: 30 Breakfast at the NASA Lafeterra
8:00 Registration, Building 1232, Room 236
330 'ntroductory Remarks......... ... e, Larry Tayloe

8:45 Panei Presentations Concerning the Modeling of SCOLE

Chairman, Jernan Juang
Peter Bainum

A. V. Balakrisnnan

Suresn Josni

Vogendra Katzd

Leorard Meirovitch

Larry Taylor

Dean Sparve

10:15 Panei Discussion Concerning the Modeting of SCOLE
Chairman, A. V. Baiakrishran

12:00 Lunch

................................... Jeff Williame

2:00 Pare! Drage nationg & Concerning the Contre! of SCOLE

Chairman, E. S. Armstrong
A. V. Balakrisnnan
Emmanuel Collins

Mike Fisher
Howard Kaufman
Gene L in

Leonard Meiroviich
R. K Miller
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400 Panel Discussion Concerning the Control of SCOLE

Chairmar, A V Balakrichnan
6:00 Attitude Adjustment at the Chamber!in Hotel, Monitor Room

7:00 Banquet at tnhe chamberiin Hotel, IMonitor Room

Tuésday. November 18

® The First NASA/DOD éontrol/Structures
Interaction Conference Begins at the
OMNI International Hotel, Norfolk,K VA

OR

® Those Wishing to Become Users of the SCOLE
Laboratory Aparatus are Invited to the
Spacecraft Control Lab in Bidg 1232 at 8:30am

3 Spacecraft Control Laboratory Experiment
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SUGGESTED SOLUTION TO THE "GREAT CONTROL GAP"
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l Equations of Motion I

Shuttle (and Reflector) Body

-1 ~

= (Fl"' F1.,Beam)/mx
T~ T
T =-oT

Roll (and Pitch) Beam Bending
3 4

2
d“u du
pA,—0 - Cl.—0 + EI ¢ If 6(s- -Sp )
¢dt2 d’dszdt ° ds Z_l ¢.n 5
d
+ 8¢,n—(s-s_)
Yaw Beam Torsion .0 g5 n
pl ‘12—“w+c1 d7uy _ G ‘-’-zl’w = Za d(s-s_.)
¥q:2 Yas2dar  ¥ys2 = bn n
Beam Elongation
d%y 4y, d%u,
pAL Yz, ¢ A9 Yz _ppdTy }:rz nd(s-s,)
d[2 dsdt ds




NOILYON3IWNOD3Y iSvVO 31VIi1093N 01

G3ONNONNV

3311INNOD Ag . avvmy
ONIY331S ISD NOILD373S SNOILD33S omNH_vﬂqu,‘ LOVHINOD/INVHD
] .................................. l‘
2 [ ]
| |
| SONIaNId 331LINNOD |
. NOILYNIVAT |« 4
| SNOLLYGOWWODDV |
. ayvog | . _ox.: 301440
331 1INNOD
I NOILVNIVAS NoiLvnivag -] ss0001 |
I SININIHIIXI AVOINHOAL | _lm._<moaoma
| 3311LINNOD i dliwens
. NOLLVNIVAZ | !
| s$SaNisna |
b T T T T T T J

AYLSNANI ANV S3ILISHIAINN] |
SS3004Hd NOLLOF13S HOLVYDILSIANI 1S3IND S400




ABojouydse ) Bujuoddnsg

uonels ededse
UOIePIeA S|8AIqUY O
, SO} AN IsUeS |OPONG |
uonedIuep; sSwWweIsAig e
SPOYION 1904 0

‘sopuwewAq Apog-1nm
M $400

T
b

OF POCR QUALITY

ORIGINAL [PGE

sionuod
poNQIISIa ©
|  OPORON 1801 O
wonesynuep]
swe)shg @
o0 ) s .
N300 __foauod
. ¥ sOpusuiq weeg

1 S400

SIHNLONKLS T18IXT 14 40 TOHINOD

|10

.




‘  N87-17822
Issues in Modeling
and Controlling the

SCOLE Configuration

by

Peter M. Bainum
A.S5.S.R. Reddy

Cheick Modibo Diarra
Feivue Li

Howard Unwers:ty



————

T e e 4 e e . .

ISSUES IN MODELING AND CONTROLLING
THE SCOLE CONFIGURATION

by

Peter M. Bainum

A.S.S.R, Reddy
Cheick Modibo Diarrg
Feiyue Li

Howard University
Washington, D.C,

3rd Annual SCOLE Workshop
NASA Langley Research Center
Nov. 17, 1986

A e rmaremat m e e - —

12




I. MODELLING OF THE SCOLE CONFIGURATION

. PARAMETRIC STUDY OF THE IN-PLANE SCOLE SYSTEM -
FLOQUET STABILITY ANALYSIS

* THREE DIMENSIONAL FORMULATION OF THE SCOLE SYSTEM DYNAMICS

+ Rotational Equations of Motion
- Structural Analysis - Boundary Conditions
+ Generic Modal Equations

- WHAT WE CAN LEARN ABOUT THE OPEN LOOP SYSTEM?

- Consider SCOLE configuration without offset of the
mast attachment to the reflector and without flexibility

- Consider SCOLE configuration without mast flexibility
but with offset in the direction of orbit (strawman)

. Conslder SCOLE configuration with offsets in two
directions but neglecting mast flexibility

- Consider general SCOLE §ys$tem dynamics

- IMPLICATIONS FOR CONTROL STRATEGIES
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. MODELLING OF THE SCOLE CONFTGURATION

* PARAMETRIC STUDY OF THE IN-PLANE SCOLE SYSTEM -
- FLOQUET STABILITY ANALYSIS

-+ THREE DIMENSIONAL FORMULATION OF THE SCOLE SYSTEM DYNAMICS

 Rotational Equations of Motion
- 3tructural Analysis - Boundary Conditions
+ Generic Modal Equations

- WHAT WE CAN LEARN ABOUT THE OPEN LOOP SYSTEM?

- Consider SCOLE configuration without offset of the
mast attachment to the reflector and without flexibility

- Consider SCOLE configurctiqn without mast flexibility
but with offset in the direction of orbit (strawman)

- Consider SCOLE configuration with offsets in two
directions but neglecting mast flexibility

« Consider general SCOLE System dynamics

- IMPLICATIONS FOR CONTROL STRATEGIES
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Parametric Study of the System
. Let us assume that the interface point between . the reflector and the
mast is at the center of mass of the retlector
»x-owx-o-c5-cs
Under this assumption, the equation becomes
-8, ce, dur[Banlatet)], Q* Cye, en(QTed)
2 Cyjac, apmiyac+d)}-% (T, -T.y) & = 0 (2.5)

which in the absence of gravity gradient, yields the following first

integral of the motion:

¥ [#eiat +@) + LG, mu (2T+D)

+Ce4fpc, wr(Tt+d)] =K (2.6)
This equation is plotted in the phase plane (8°,8) for different values
of u and Qf (Figs. 272)

Floquet Analysis

The angular motion about an axis perpendicular to the orbit plane in

the absence of gravity gradient is described by: .

9”.-. [- cs/c, - C¢/c‘ un.Q?.'] 9,-- [c.‘_-c.& MQ‘C] & (2.7)

17
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Case 2. No gravity gradient, but offset.

c c c
—zcosﬂ'r-—s- --2-Qsin$'21'

p(t) = ¢ ¢ 1

o

[2(x)] = [P(1)] [2(1)]

219 = PriZyy + PraZyy (1)
Z12 = Pr1Z1z * PraZap (2)
2é1 - P2i211 + P22221 (3) which becomes
ézi = Z1i since Py . 1 and Py3 = 0
222 = P21Z12 * PaaZps (4) which becomes -
222 = Z12

from (3) Z,q = 2{1)substituted into (1) yields
221 = Pi1221 + PioZpy

similarly ffon kﬁ) 222 - 212)substituted into (2) yields

222 = P11232 + P12Zp;

. s N d
since EI = constant it P1? = Poy
Then
. - . d
221 = P11221 * P21 = 33 (P11Z27)
i . . d
and 222 = P11222 * P112z2 = 37 (P112p3)

These two last equations are integrated and the following results
for Z31 and Z,, obtained.
Za1 = P1iZgy * Ky
Z22 - P11222 + K2
but from (3), Zg](%) = Z11(1) and from (4)

Z22(t) w 2,,(D)

Therefore, Z21(0) = Z91(0) = P11(0)251(0) + Ky » Ky =1

since Z11(0) = 1 and 23¢(0) = 0

18
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— ko = B et el - Vemmeeemdan ae et e Ao .o e o St et o —t - —n ~
e e ———— -

252(0) = 292(0) = 0 = P11(0)Z32(0) + Ky

[ [od . Cc c
> - Ej + c—z + Kz = o or KZ - - Ez + Ei
1 1 1 1
The two last equations integrated once, yield

ORIGIEAL o lu s
zZ, Tt OF POOR QUALITY
. C _c

Solution of the first order equations
dz —
_a_2_2. - P11222 - - (-2—5—) (1) ‘
T e
The presence o 5;22 and P11222 in the equation suggests a product of the
type ¢(t)Z52(1)
but - d (¢Z?_2) = — 222 + ¢ d 222 (2)
Multiplying (1) by ¢(t) yields

o
¢:—$22-¢P11222-~¢(-2c—°§)

1
which can become _
d C -C
3z (4222) = - ¢ (—1-) .
if one can find ¢(t) (int:egrating factor) such that
d¢

It "~ ¢ Py
el - :
+ n ¢(t) = J"PH dt = I—Ezcos Qtr dt + I Eid-r
- 1 1

Cc (]
1) = -2 -2
n ¢(v) cnsinm'*- l't"'K

or ¢(t) = exp [- -L sin or] _eG.S.r+K)
from _(Zw) - - (.%25)
Zo2 = f (55:52) '
222 - exp[c‘- A\Q.a.t ..Cfr Kl CS Cl)jﬂp[ C; P\uﬂt+C3Z+K] dt
l
Qg '\-l..ct Ca'c‘_ Gy n%c, 'C/ ---.
g, o] Sted - @-2a T
o [c‘%] L+ 5%, *(““/C.) HAS
Therefore, exp[.Q& Mﬂ-t +CS%] 'k I+ (C“c")t'f Q:;__Q) t/&*‘ -
ac,
Z3p = exp _Lqu:c ~aT- KJ(CS-G:. ) e (C«b (-s'-c.., ... (Cr-'-u)“t ...---H:)

(5
222(0)-1*—cl— Kl-‘l*Kl

)

19




Zpp = exp[c‘ QT . C-_:'C]{ 14 (Cs-C;)C _,_(Cs C;) 'C " (C;-Q) Z."‘ j

since 222 - Z1z(r) = exp Cl /huﬂ.t Cs CJ{ Cg c;) + (Cs € ‘t+ -'- --
<

+(2;cum c.)'"‘l’[a /Mat _sr”,, cs-ct)(* (Cs-Ca.J T, - --}

Z12 = exp :‘:L/mat Qsc_” C;-v:.caﬂ-t *[(ant—CG)(C@c‘Cg)

. (C'sc-_‘c‘) ]tg.[ Ctmﬂ-t-cs)(Cs-c; (Cc-c;)SJ'c‘ . __-_} ‘

212_(1') - exp[c‘c—a fwm QT o 'C]{_ésl.f'*wat) + C%_;Ez (c3°"’i‘t‘cl).’. - -

< 1,

Zi2(0) = exp] $2 M AT _ Q_S.'cJ[C_;(ch_t-a)HH Cs-C: T4 (Cs-a ty.
'ch <y C.‘ : Cy

c_ii%.‘ - P”Za + 1 where P.” = ;—]2? cos Qrt - %i
Integrating factor ¢ ; %1_3 == ¢'Pyy
> = exp[ Ce A\‘u.Q'C*_COt +|<] and

221 = 'j}bdt = Exf[c‘ Amﬂt-c"f K]S‘bdt
exp [ Ca m..ﬂ_t+ Cftl ~ “_(CQ-CJ. g _'.((.4‘-61) 'Cz
Integrating term by term yields,
Zo1 = exp[%/mn:c Cc t][t+ (C_r:c..) 'c?- (C'-c a..)
since Z31(0) = K' = 0 % .
00« e £ MeRE - T[T, (S0 Ty (3200 T ]
221 - Zn(r) exp [C‘ /"“'Qt c’ t']{l+ s-aﬂt +£C"'C‘) Tl "3

+[Cz. mRT _sI exp[._&./}mg'c c:-c][t+ Cs‘—Cz)'C‘ (""c‘) Z'/*'"'J
Z11(0) = exp [Gfyc, pmlT - cs/c‘t_“_'u. (Cs-CztCremRT - c;)_. - -
Zy1(x) = exp[nc pwa QT —~ C' Z][H € (e T-1)T 4 c_,_(Cs_c,_)@;Rto-l)<

i
4+ ----

It is seen that Z;1(0) = !

‘+--- +K]
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Q="

%

to be multiplied
by 103 _

80.73 # —T~ ﬁ e Unstable points

% Stable points

O possibly stable points

X = %ﬁ- 0.0
37.92 ¢ * w_ = 0.001
(o]

38.91 +
23.72 |-

12.36

4.97

1.65

0.29

MR
0.5 1.0 2.0 3.0 MU /Mn

Fig. 2.3 Floquet Sfability Diagram - SCOLE Configuration-No Offset
No Gravity Gradient.
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to be3multiplied

by 10

38.91

23.72

12.36

4.97
1.65
0.29

i . Unstable points

 Stable points

0 possibly stable points
N - X _18.75

L 130
w = 0.001
o
0. 0.5 1.0 2.0 ' 3.0 MU = MR/Mm

Fig. 2.5 Floquet Stability Diagram - SCOLE Configuration
No Gravity Gradient
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Q:i : 12

W
o
to be3multiplied
by 10
* Unstable points
38.91 % Stable points
0 possibly stable points
A = X . 37.50
L 130
w, = 0.001
23.72 A—Jt—‘g-lr
12.36 _+_+r
4.97 i
1.65
0.29 |
0 0.5 1.0 2.0 3.0 MU = MR/Mm

Fig. 2.4 Floquet Stability Diagram - SCOLE Configuration
No Gravity Gradient.
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FLOQUET STABILITY ANALYSIS
2D SCOLE OPEN-LOOP SYSTEM

* Offset of the mast attachment point on the reflector

results in an increase in the number of stable polnts
for the lower freaquencies

e Number of stable points increases for MR/Mm > 1.0

26




I. MODELLING OF THE SCOLE CONFIGURATION

* PARAMETRIC STUDY OF THE IN-PLANE SCOLE SYSTEM -
FLOQUET STABILITY ANALYSIS

v - THREE DIMENSIONAL FORMULATION OF THE SCOLE SYSTEM DYNAMICS

- Rotatlonal Equations of Motion |
» Structural Analysis - Boundary Conditions
- Generic Modal Equations

- WHAT WE CAN LEARN ABOUT THE OPEN LOOP SYSTEM?

- Consider SCOLE configuration without offset of the
. mast attachment to the reflector and without flexibility

- Consider SCOLE configurotiqn without mast flexibility
but with offset in the direction of orbit (strawman)

- Consider SCOLE configuration with offsets in two
directions but neglecting mast flexibility

- Consider general SCOLE $ystem dynamics

- IMPLICATIONS FOR CONTROL STRATEGIES
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A. Angular Momentum of the Shuttle About its Mass Center, G

The angular momentum of the Shuttle, taken as a rigid body in a circular
orbit, consists of contributions due to rotation about its center of mass

plus the translation along the orbit.

— e J—
Hs/G = IG ws/Ro (1.9)
where
- 905,443 0 145,393
Ig = 0 6,784,100 0 = [1u]
145, 393 0 7,086,601
in R(x,y,2z) (1.10)
- ~ ~ ~
ws/p = Uyx i+oey jFu, k (1.11)

B. Angular Momentum of the Beam about G

Consider an element cf mass, dm, of the beam located at some point,
- -~ -+ ->

P> Such that GP = T, +q=1r

where:
(1.12) ?o = —zi is the position vector of p in the undeformed state
(1.13) E(z,t) =y i +v 3 in which, u and v are the x and y com-
ponents of the mode shape vector.
The angular momentum of dm about G, d.ﬁzlc is given by:

-

— d i X
d Hm/, =~ F x i (=Rk+r) ,Rodm (1.14)

-> - " bend d -
d Hm/G = (¢ x W Ri+r x 3t YIRO) dm

3.6 | ‘ 29



which is expressed explicicly as:

whf:f/% //Ji rut *?f/}xaz,;?,_ */jé""“ ""f/)"' "//o’i ul "2/}/ /0/27

7/ -J/jluaﬂ{/j‘, = (4 - &y v=-3

43,)2‘ ,«-(v.*ajﬂg’ﬁ&)/‘f /w-.:f-zzag,/[

.‘a(%j/‘\
Gk v 3 v 7)., 34 r v ) &

- Wy tt-conv) - pr i -

After substituting the different terms into equation (1.14), the following
expression results:

a//;’;/a - /[}/0’7#0%11/7‘ V(- )

-fj‘aJan
+l-gaoR - 3 (i

Gt Llayu-ann) s iy, ) ;

+/:.#C&/€+d/?f:+tlgdj- v(a'—a% ”}fj/l(lz; fl)‘a%,yf/ﬂlm (1./5)

Since u(z,t) = g p (t:)s (2) and v(z,t) = g p (t)s® (z),

(1.16)
we consider for one mode in the open-loop situation,
= L}
u -mx sin (th + a)sx(z) and
[ ] - ' v .
V= uy sin (wy t + y)sy(z) (1.17)

30




' Assuming small elastic displacements such that, e 3 << 1

and s§ (z)/l << 1, and dividing de/ by 922, where @ is an assigned ° '

frequency and £ a reference length, then,

iﬁ% ~ 4/{;y¢3qa+a&jj4 # L3R -3 4 &} o

4_32%}}'* Ry, fdfdj a{yj”‘/{/ﬂfl (1.18)

where p is the mass Per unit length of the beam. After mulciplying both

sides of this equation by 922, there results:

s = {35 1346 +220e) 2+ (e -3l # Ve wgtey )]
+ / VDo + JU Ly »«g#ag,)a{jfa} - (1.19)

The total angular momentun of the mast about G is obtained by inte-

grating (1.19) over the total length of the mast,

/7//6_/0////6

The ten terms appearing in de/

(1.20)

¢ are integrated using integral tables- e.g.

/fﬂf’é : -MM@Z‘*«’/ / 3 oty oy Gty

+ Bewth3)dy =

Sy i1y [ (2, L), & (louisl | onhe_

/

R H

St R Sy

3'8

3!
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To simplify the notation, let

£(8:) - /AL/sz _@Z)+ 8/ caft s ok

;Ca/ﬁ.@éf @éz(/+ 2 /JM! aﬁf ’//(z.w

Filh) = Aifg -enfht) _ Bt - a;/@ﬂ-_lgﬁ,-z
| | + G/ &%”:{4‘ / (/.42)

Mm

After substitution of the fi’ 8y and & for Py y in the expression of

-
Hm/G, one arrives at:

/7{%- = /}_Zm //a%aa(au’ z‘m)f{ - cv’.%é(@/z‘f//' ;{ - &, 3{3/4"
# [ REL lilatralf , g enuits )y _ £77

+[a'2'm/“&)é*“/ﬁ s 6@ m@;)l‘f T/){-jajpfu{@}f_fﬁﬁj‘éy (1.23)
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C. Angular Momentum of the Reflector about G.

Since small deflections for the beam are assumed, the reflector can

be assumed to be located at a constant distance from G, the Shuttle mass

center.

ITIA)

Hy = Z/}o wr/,ea+/%cox_(aa)/e

Using the transfer theorem for the angular momentum, (See Appendix

(l 24)

where nr/ol and o / o / + / (1.25) are both expressed in the

same coordinate system, Rz(xz,yzzz), moving with the reflector.

. R2 (principal axes of inertia of the reflector),

Irl 0 0 4,969
nrlol = 0 Ir, 0 = 0 4,969
0 0 Ir3 0

with j' = sin L 2+ cos ¢ jz

therefore,

C(J/,e,- /Cﬁz"%)t * @/#Cﬁ; fgrhééz,‘ﬂ;w@;/}
. &4

3.10

o | (.26

9,938

(1.29)

(1.28)
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/7/'/5:&),

4 /%/{J/fc/rf}djf ~(alr clurxc)lf s (Blarx)-a sy )b / (1.34)

A
7, Ty *54-7&/31*@173{&

Where

s~ J(rrdi -3l - v -3y 7; 4 Xy 7)) 4o ¥-dd)) T, |-
b =f'z'f-— & +e U

TAY Tt A X T HAY - X,

cfrv-wyu - wgyr; AX Tt (0Y - X) T

3.13 | 34




D. Angular Momentum of the System about G

The angular momentum of the System = the sum of the angular momentum

of each component evaluated at the same point

T —> - —>
H}‘f’!"f/a = H‘/a + //7;/6 + /s |

=5 +35)¢ +(wZ, Y+ (aZys g5,)E
. lﬁn/[ &y eo(Bt )i - ) i (a3t 1) - e £jl

.4 [ &Japifz-/- M,Au'c@'ffn’)ﬂ 4y &D[a}'ff J‘} 5 - a& é’/j‘
#[ @ enestea)g . a;.m@?ﬁ/ﬁ - & Renleyt+)g, [# J/ |

"
4 /‘/r/ (Wretrsy)l -(al eCurx) s /é(/zxxj—a(#*y// 74
+Cl317723 4%540&»‘44;17;4 (1.35)
In the expression for the total angular momentum, the last term will now
be expressed in R(x,y,z) by simply transforming i,, 3, and k, into func- -

tions of i, 3, and i as follows:
b= tofnt 1 #pmudeng. [ . e Gl £

Fozph s Bl s (i ol -] i iy, ]
# (A b By 0y 4 e g ity ) £

(1.36)

A

4, = Am 87 m&M%;fvmﬁrmy;z
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Rotational Equations of Motion. (Torque Free)

In the linear range,

/7; * Dy -G A, =0 (»)
= //¢ o) 7y 4 (fr o) Ty s Lo [(0+200 ) ettt

- (¢fwo¢/m/w;z‘m/9/ aa(ag,ﬁf/,{ (¢- m¢/.{’7

-t gy & cnd )5 4 ca 7], (Fp-as )7,

Hwod + s Iz - Iy ) # %ﬁwo%-wo#'}w!wﬁfd/%

+ (0F-200,8)em @yt +)f, - (eob-wi)R ()t +5)g, | |

4D Y T (Y p DB s 0 B) e 5 Mr (1) [(6-1) 5

2 3P - wolf) _ (and r i u)u - X (g s 4 dpsanB)

Pl x]- Mr/qny///m,, W)R + (-tho)di +( wob-urt)d
(el +wy) vy Vet v e @ 4 o bty ) wf&’nt:f/
HM[B Bl X (Freaye &)1, MY
M Y[ G- ld-G)-X(646)]= 0 (1.43)
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/7{‘«7‘%/'/::-0&/%: o (8)
& Ol Mefalecotihtigf s (s i) cotry
2wy (¢f}w°¢/,4zé(a§z‘+fj74 - 49“31’} affﬁé-@o?ﬁ‘”/“;}’ffdéf %x
t 3(6-8) . Mefi-6 -V (G ongs seng)
+ b X] MXwi - XY (v - %4

“MX(6+6) _ Mr (Y -ar F)(woR+eal) = 0 (I.47)
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o

'/7§+a)x/i/—.agv/‘/x:0 (c)
- /(;;'-w,, B2y 4 (Becnd), s Mo con et tnn) ]
4 Cdzl { {é.-%ﬂﬁ/ﬁ@.’ffw/% # géa/a)jﬁ)’/% - Cg,,/ﬂ:%/ﬁ;[afff}j %z
Aenady E/&/@’ﬂj}d@ /,‘ /%-(117‘,},’// Cr Y- cto s Bt + B4, cont
+ ool + X (Y co +Puenh o d -an ), ’%'d/?'*/#'-%{y/ r(Pranyu
X (Pravys g ) Hr(v2¥)[a-68 -Bv - B0 coy -y
_}/:({éafo* é-/- %}z.; ¢j,&(0,X9rj_ /”I’ﬂ'/a%p'/‘ao-(g"‘a%j!
(Pl V+ R GX _ Yl coyr f perny 4 & ) [-(¢-wed)arn Zyy
+ M (4 wng) (@ REL aJ}Axé[aJtha/%,c o) chl(y_ecnd) L,

Z 2 3 -
../”)‘Z[%‘Cdv¢j(ajafe +ll +2l) _ Mr(usX )2y - ) o o (-ain §) I
# W (P regoit) s 1 Dol (P et &u/w:f’z‘+af/;z,” # (Bt ey lomfi b )
- Y-t d) 4 oty - i d, - E )7, ¢ OFE Gr

+ Mrcd, /v’/ + (¥ + o B) 4% Xty aJa+¢f

+¢'+ca:;4) - Wl Xt ; Yoo U 4 }f"/%+¢;-w,¢_w°¢;) |

X (8-t0,46:) = O (1.49)
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2. STRUCTURAL ANALYSIS

A. Governing Differential Equations

The governing partial differential equations for the system (beam)
are comprised of two one-plane-bending equations (2.1) and (2.2) and one

axial torsion equation, (2.9).

All these equations assume small displacements and slopes, uniforﬁ
density and distribution of stiffness, and the ‘corsional equation is de-
rived for a circular shaft.

“*(ugp) - ED. Putat)

for the x-z plane bending: - oYY ,fA .-)éq (2.1)

for the y-z Plane bending: = _@ﬂ) (EI)Y Q U(S,t) (2.2)
otz SA " 234

where p is the density of the beam, A its cross sectional area, and

(EI),x, (EI)y its (x-z) and (y-z) plane bending stiffnesses, respectively.
Assuming separation of variables for u(z,t), one may write u(z,c) =

rx(z)px(tb), and equation (2.1) can then be rewritten as:

- @
EIk &
Ph=- EIx

X (2.3)
Tx
This equation is valid if and only if both sides are equal to a constant:

—y 2

X
Therefore Px +-u;2 Py=0(2.4), which integrates into

Px(t) = cos (w;(t: + a), (2.5): where o is a phase angle,

(4)

CO,( $Avzo = ' =0 (2.6)

(EL) x tohere /g é % w,’

this equation yields.
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T T e e e e e ae . e e e Ll M e _—

= Aty 28 enfig o o ikfes + 3, cohfy

> Uyt = colitodf Ak, By st upsse deobbgfc-n

A similar reasoning enables us to find the solution of equaﬁion (2.2) in

the following form:

7}/;, ¢ = ﬂ’(a}’z‘f)j/%lm;l}jf (Z%} +an’%3+ Adéj/ (2.8)

Finally the z axis torsional bending is described by:

(2.9) Q jj/d 6 Qi%/f} - " where G is
7t = d 93:

. the modulus of rigidity of the beam.

Assuming ¢ (z,t) = e(z) P, (t) and substituting it into equation (2.9)

yields: v
P/ = _ G d%__,,%
3 - —_-_— Y = Cl% (2.10)
% =7 ;

c:% = A - o (GE+S)  and (2.11)
& z:@ & s By = w2 + 5 cofe (:.Anz)

Therefore,

?ﬁ(} ¢) = m@’f*sy/ 4,/1~,§z fz},’%z j (2.13)

4.0
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B. Boundary Conditions (X-X) and Natural Frequencies of Vibration

The following relationships between shear, moment, and beam dis-

placement are used in the boundary conditions

_EL (3 Vo=~ EL ,(3)
] Vx = 13 u— y L3
==EL (2 M = - EI 4(2) and .
Y - GIp 39
4 L de : ) (2.17)

'where,_, V4 = shear force in the x direction

Vy =" " " " y direction

My MY and M, the moment X,¥, and z components, respectively.

I’7 is the beam polar moment of inertia, let M‘be the mass of the
Shuttle while Mr is the mass of the reflector. The displacement in the
x 'direccion of a point located at z = 0 is given by u(O,t)-AyOO(O,t)
and that in the y direction by v(0,t) + Ax,9(0,t) where Ax,, Ayq are

the coordinates of the c.m. of the end body (Shuttle).

4|



Now,'an attempt will be made to cast the 10 equations describing '

the boundary conditions into the following matrix form:

[M ] {A} = 0 which has a non-trivial solution only when det [M] = 0.

Since there is no offset at the Shuttle end, AXo = AYo = 0.

B:C. (1) become?

Therefore

£ ¥ . + Ms cO* i
4(3' A;:t? /é::o

Explicitly

(A aref s masany

B.C. (II) becomes

a, 2
%5430 = %a)-’;%‘:o

(EL0)A -+ 0f = g *2f ()

Equation (III')

_5._[/4,3/— A,an/g, * & puifly 4 G, ﬂ’/ﬂ/ # D/M/@/
3
=_a)€/\/r/'_ A/Wﬂr- B, “3/41—- C//h«%- & M/gf

+ &Y Ay, A){53an/4,f
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s ety o ———— - ———

Equation IV' . '
YR * Bt s Co cnll s 2 outly
=- w‘Mr{-/I;/»;,lig -8, %-Q/n&f/& -3 ends, |

- AX Ay fomfy _ AX, B, eofly ]

Equation V'

%]/ii/:.& + Di/: - C()j/.:_f.!f 2 //&,«.Qj_ %"Af /4,*6’,{/

Equation VI'

%fﬂf/:,B,-f-D/j=-M/§Z’/&/’4¢+c¢)* _‘-7?5!:(5,/;4/7‘6'/)’/

Equation VIT'
%ﬂf/— Ay pufsy - & e + Cz/’"%/gz # be'éﬂ/ﬂzf =
- wé/-zx%p_*ﬁg {A;a:ﬂl ..3&/)»;/4, FC, mfﬂ;'-fbe ”’“Z/i)
= Lo s (4 copty Grmih+ Cycatfnt by owtn)]

Equation VIII'

%ﬁc/:/’y/‘";ﬁr- & enp fC,ﬂm'/ﬁyf .D,anéﬂ,f:

- C‘)J/ :ZZEY" , (A eas; -55,6'»"/31 + @ errdfdy + Dzﬁﬁ'}&]
- J%Krﬂ(/f#,a:/k— 'g/"‘"ﬂh‘ Cr cotyy 4 91’»!4/91)‘;
43
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. Equation IX'

_5_1,,/@ A = -w Ly B

Equation X '

Sl (A cofs ~BimB) = - )~ Ty (somh 161004,
+ Mo (L DX [Aomf o B cofy + Co ity D erfis ]

+ ANLA wfy + B en g 4 ) "’4/4’//
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3. GENERIC MODE EQUATIONS

Consider an elemental mass, dm, of the body whose instantaneous position
-
from the center of mass of the Shuttle is r. The equations of motion of

dm can be written as

‘ddm =L (q) + fdm + odm | (3.1)
where 2 is the inertial acceleration of dm; g, the gravitational force per
unit mass;';, the external force per unit mass; E,the elastic 5lsplacement’
of dm; and L, a linear operator which when applied to the small elastic

>

displacement, q, yields the elastic forces acting oan dm.

e
The gravitational force Per unit mass f, can be expressed as

-> -+

f = fo +M; (3.2)
>
where fo is the gravitational force per unit mass as the center of mass
of the §ody considered and M6= matrix operator.

_In what follows, the generic mode equationé will be derived based
on a Newton-Euler formulation. The Principal assumptions made in this
development are: 1) within each component of the system, the mass
and structural properties are uniformly distributed; 2) vhe material
of each component is §sotropic; 3} the system is dgformed in such a
manner that it experiences only small strains (withinlthe_linear range);,
4) elastic displaceménts are small as compared with the characteristic
linear dimensions of the system; 5) the natural mode shapes of free
vibrations of the system are known 3 priori; 6) the system is nominally
earthvpoiqting; 7) the system is considered to be closed: no mass

transfer across its boundaries.
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The vector equation (3.1) can be written in the frame moving

with each body as:

-

ad = D S - - >

[Om-r F+ x4 OxT + wa(Dx7)]dm = L@‘) + (F*C)dm (3.3)
Note that r and i'are the velocity and acceleration of dm as seen from .

the body fixed frame. The symbol]?‘refers to the inertial angular velocity

->
of the body. The instantaneous position vector, r, of dm can be written

—y ~y =)
as r="Y+9 (3.4)
where 72 is the position vector of dm with respect to G, center of mass

of the Shuttle, in the undeformed state; E*is the elastic displacement

of dm. Hence
-;-s\:.. S5

=) and =q (3.5)

For small amplitude elastic displacements, one can write the elastic
-
displacement, q, as a superposition of the various modal contributions

5’ = .Z Au(t) d)(')(a) (3.6)

0') n=y -
where A"(f) = P (é) (Yg”'* ryl*' el)'/z_ = modal amplitude

according to

~

\a ~
@b')(rf) = nhl4v]+0k
V—;E+ r-aL'l' 6&

and

3.7

(n)

The mode shape ¢ (2) is associated with the natural frequency, w,, and

satisfies the following conditions

T (
@(m) . @ ") dm = S)mn Mn
ﬁﬂ (3.8)
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where M is the generalized mass in the nth mode.

L(§”) =g g™ o

-
(m) -
@ dm = O (3.10)
" .
~—)
‘ (n)
and j E\x @n dm =0
M (3.11)

This here assumes that the structural frequencies are much greater than the
1.745 hour/orbit.3 wy = 0.001 rad/s orbital angular velocity. This enables
one to use, with a high degree of accuracy, the mode shape functions |
corresponding to non-rotating structures. The generic mode equation is
obtained by taking the modal components of all internal, external and

inertial forces acting on the system, i.e.,
5(’:)[5:,,4.? + 3BT +BAY 4 @ x (Bx¥)] dm
M - '
- R(n) o P o '
= gH@ '[L(q)/dm"‘-f*e‘]dm (3.12)
The various terms appearing in equation (3.12) can now be expanded as

follows:
-~ -—>
SM ™ Qe = Oem - j @(u)dm =0 (3.13)
-~
700 = PO
[0 Fdm= [ 35 dm 6o
M M
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—»

J @W (.war)dm = a?-j @(“z(c]?x\qb)dm (3.15)

JCP (wxr)dm = f@ (DX Ve)dm +J )Gﬁ'x’q’ )dw 3. 16)

(3.17)

J@ (wx(wx'"))d'm 4(@ cox(wxr‘o)dm +Jé(d(‘kq)d

D) -
Scﬁ("f L@ dm = _ % Ay M
M dm

(3.18)

g?(n);dm_ ’(@o‘) )C gi MT dw
B AT U

F) -
SM@ *€dm = En (3.20)

where En is the modal contribution of the external forces #n the nth mode..

3.36
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I. MODELLING OF THE SCOLE CONFIGURATION

* PARAMETRIC STUDY OF THE IN-PLANE SCOLE SYSTEM -
FLOQUET STABILITY ANALYSIS

* THREE DIMENSIONAL FORMULATION OF THE SCOLE SYSTEM DYNAMICS

- Rotational Equations of Motion
+ Structural Analysis - Boundary Conditions
- Generic Modal Equations

V' - WHAT WE CAN LEARN ABOUT THE OPEN LOOP SYSTEM?

- Consider SCOLE configuration without offset of the
mast attachment to the reflector and without flexibility

- Consider SCOLE configuration without mast flexibility
but with offset in.the direction of orbit (strawman)

- Consider SCOLE configuration with offsets in two
directions but neglecting mast flexibility

- Consider general SCOLE $ystem dynamics

- IMPLICATIONS FOR CONTROL STRATEGIES

5l
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(A)

(B)

(C)

IMPLICATIONS FOR LINEAR CONTROL STRATEGIES

After suppression of mest vibrations, linear system
eans. have constant coefficients, control laws can be
synthesized based on LQR techniques.

For the special cases where the in-plane rotational dynamics
separate from the out-of-plane dynamics, separate control
laws can be generated for pitch and the roll-yaw systems.

When reflector offset results in coupling between the
in-plane and out-of-plane systems, g bias momentum

~ Scheme could be considered S0 that the controllers serve

to decouple the system vig removal of the relevant coupling
terms. Care should be taken so that saturation will not occur.

Since the vibration frequencies of the mast are much gregter
than those of the gravity-gradient forced rigid rotational
modes, actuators placed at strategic points on the mast
could be used for quick removal of the vibrations without
inducing substantial disturbances on the rigid modes.

Once the mast deformations have been reduced to g specified
level, the techniques described in (A) and/or (B) could

than be utilized. |
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[T,

CONTROL ISSUES:

CONTROL OF LARGE STRUCTURES WITH DELAYED INPUT IN
THE CONTINUOUS TIME DOMAIN

CONTROL WITH DELAYED INPUT IN THE DISCRETE TIME DOMAIN
CONTROL LAW DESIGN FOR SCOLE USING LQG/LTR TECHNIQUE
OPTIMAL TORQUE CONTROL FOR SCOLE SLEWING MANUEVERS

- Kinematical and Dynamical Equations

- Optimal Control - Two Point Boundary Value Problem

* Estimation of Unknown Boundary Conditions

- Numerical Results’

- Discussion and Further Recommendations
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IV.B  STABILITY ANALYSIS OF A SECOND ORDER SYSTEM WITHVDELAYED INPUT

The vibration analysis of large space structures is performed using
modal analysis and modal coordinates, transforming n coupled second order
differential equations or partlal dirrerential equatxons into n decoupled
second order dirrerential equatigns of the form

Xy * wgeg - £y » (1)

) i=1,2,...,n
where x;j=i th modal coordinate
' wy=1i th natural rrequéncy
fi= 1influence of the actuators on the i th mode, and
the control law of the form

£ = 2 wyx; (2)
controls and stabilizes. the system (l), The effect of delay in the
control force was lnvestigated with numerical Simulation for the
‘following numerical examp;e.l

Xg + 6%y(t=h) 36xj=0 (3)

It was observed that for delay, h > 0.15, instability resulcs.

The analytiecal veriricatlon of the above observation is obtained as

follows?2: |

The roots or the characteristic equation

_e

G(s,h) = Z Pi(s) e‘Shi =0 (4)
t=0
can be evaluated from the auxilary equation
ZPi(s)(l-‘l‘s)Zi (1eTs)2n=21 . ' (5)

i=0
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Applying the above result to equation (3), the corresponding

characteristic equation is givep by:
. 1 "

G(s,h) = ] Py(s) e~shi (7)
i=0
where P,(s) = 32 + 36 o
P1(3) = 65 . _. ‘ (8)

The auxilary equation is written as

T2s% + (2T + 6T2) 83 + (1 36T2-12T)s2

* (72T + 6) S + 36=0 (9)

Using the Routh-Hurwitz criterion, Equation (9) has ilmaginary roots for
T=0.0426 at y=9.7. Using relation (6), h can be evaluated as:

wh = /2 | (10)
or h = 0.16 - (11)
It is also brought to our attention3 that the above result can be arrived
at without the approximation (6) for a second order system as follows:

The characteristic equation for system (1) with the control law of
the form

£i = -2Cjwyx;(t=h) . (12)
is written as

S2 + 2gjwijehS s + w2 = 0 (13)
To evaluate the minimum h for which equation (13) has unstable roots
replace S by ju as:

-2 + J2gjwge~dvh w2 = 0 (14)
Using e~ Juwh , coswh=J sinwn, (15)

Equation (14) can be written as:

oy
(~? + 25 w wsinwh + mi°) * J (25jwicoswh) = 0 (16)

Rl 4
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Thus for equation (16) to be valid

coswh = 0 .
or wh = X (2P + 1) ' o | an
P=0o,1,2,...
and -
mz‘Zciuimsin:nh-miz =0 (18)

the roots of Equation (18) are
w = wy {gysingh + /1 + g2} (19)

Taking the positive and substituting into (17)

- w(1+2P)
Zui{cisinwh-é-/i.?ir} (20)
Thus giving
Rpin = 0.1618 : (21)

for the numerical example (3).

Thus the example second order systen considered with the natural
period of oseillation of 1 Second can not tolerate more than 0.16 seconds
of delay without 5ecom1ng unstable., Thus the general problem of delay in
control input must be carefully considered in the cohtrol system

implementation of large space structures.

6l

4.15



the beginning. However, the delay in input in the discrete time domain
can be relatively easily solved as shown below, 10

The dynamie system descrfbed as:

o L
X(1+1) = ¢ Aj X(i-3) + ¢ . Byu(i-3) (53)

J=0 J=1

can be written as

[x(1+1) T Fag Al.-.®8p By By...8 ] [ xci) B]
x(1) I 0...00 0 o0...0 x(i-1) | | o
w1 |0 o..10 o o.. . xtiem | 1o |y ORIGINAL pyvr (g
ui=1) =10 0...00 0 o0..00 U(i-1) | 11 OF POOR QUALITY
u(i) o 0...0 0 I o0..00 ui-2) 0
u(i=2) "o g 0 I..00 ‘ ;'
| 0 0 oo _ ! '
i u(i-l*lZH'O 0...00 0 0..10 ] U(i-!.).j!‘ Lo_l
Z(1+1) A Z(1) B
(54)
which can be written as:
Z01+1) = X 201) + § ey (ssy  °

Thus the augumented dynamic sSystem (52) can be solved as 3 standard
control problem. The only disadvaniage is the increase in dimensionality

of an already large dimensional problem,
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Hl(s) dﬂkfﬁbB — ¢ c =

ﬁz(s) -

a) Full State Feedback

o — - - =

e el s L, lx o L

b) Obs

erver Based Implementation

¢ = (st-a)~L
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IMPORTANT PROPERTIES OF THE TWO TYPES OF IMPLEMENTATIONS:

1. THe CrLosep Loop TRANSFER FUNCTION MATRICES FROM COMMAND Y To
STATE X ARE IDENTICAL IN BOTH IMPLEMENTATION

2. THE LooP TRANSFER FUNCTION MATRICES FROM CONTROL SIGNAL U’ TO

CONTROL SIGNED U (Loop BROKEN AT XX) ARE IDENTICAL IN BOTH
IMPLEMENTATIONS

3. THE LooP TRANSFER FUNCTION FROM CONTROL SIGNAL U” To CONTROL
U (LooPs BROKEN AT POINT X) ARE GENERALLY DIFFERENT. THEY
ARE IDENTICAL IF THE OBSERVER DynAMICS SATISFY:

, =1 -1+1 |
K [T + C (SI-AR™= BIC(SI-A) "Bl . For ALL S.
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For Full State Feedback

X = ¢ B U"

For observer Based Implementation

use

(T

$KC) X = ¢BU' +KCOBU"

+.

" -1 -1 ' "

X = (¢ + KC) (BU'+ KC¢BU")
X = (I + okc) Yo (BU' + KCo BU")

(I - oK(I + Cok)™1C) o (BU' + KCoBU")

¢[B(C¢B)‘1 -K (I + c¢x)‘1] C¢BU"

+ 0[K-K (I + CoK)™! CoK] coBU™

#[B(CoB)™L — k (I . cok) L] ceBu’

+ ®K [I - (I + cok)~lcok] coBy»

o[B(CoB)™' - K (I + cok)~!] comy

+ ¢ [K (I + cox)~ 1] cemyn

(I +aB)™ = [T - a(1+BA)"1p]
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An observer Adjustment Procedure:

T 1

k(q) = £ (q) ¢’ R™

Az + ¢ AT Qlq) - ¢ cTr™ ¢ I =0

Q and R are treated as design Parameters
[For Kalman Filters, these are noise intensity

matrices]

Q (q9) = @y + g2 BvaT
R = Rg
For g=0 K(q) is the hominal Kalman gain
For q + »
KRgT ~ BvVBT
q

or
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II. CONTROL ISSUES:

. CONTROL OF LARGE STRUCTURES WITH DELAYED INPUT IN
THE CONTINUOUS TIME DOMAIN

CONTROL WITH DELAYED INPUT IN THE DISCRETE TIME DOMAIN
CONTROL LAW DESIG& FOR SCOLE USING LQG/LTR TECHNIQUE |
V. OPTIMAL TORQUE CONTROL FOR SCOLE SLEWING MANUEVERS
- Kinematical and Dynamical Equations
* Optimal Control - Two Point Boundary Value Problem
* Estimation of{Unknown‘Boundory Conditions
* Numerical Results‘

- Discussion and Further Recommendations
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PURPOSE:

Optiaxal Torgue Control

for SCOLE Slewing Maneuvers

TO SLEW THE SCOLE FROM ONE ATTITUDE TO THE REQUIRED

ATTITUDE, AND MINIMIZE AN INTEGRAL FERFORMANCE IND2X

NHICH INVOLVES THE CONTROL TORQUES.

CONTENTS:
1.
2.

KINEMATICAL AND DYNAMICAL EQUATIONS

OPTIMAL CONTROL - TWO-POIN? BOUNDAR?*VALUE PROBLEM .
(TPBVP)

ESTIMATION OF UNKNOWN 3OUNDARY CONDITIONS

NUMERICAL RESULTS

DISCUSSION AND FURTHER RECOMMENDATIONS

71




L. tin=2123tizal ,ai 9yaanical Zlaations

(R131id 32902 Zonfi juration)

r~

1= (1/2) T4
I 7 =-% I w+ u
wh2re j Tuler Paramnetar Vactor i = (3, b, 1z 13 ]T
W Anjular Velocity vVactor .+ = (w, 15 93T
u <ontrol lorgue Vactor 4 = (u, uy 1317
3 =W =dy =Wy ]
J =g I
~ W, J 3 =y ~
N = Vo= d )] -,
= 3
V2 = J 1
L Y2 I 3
L 3 Nz =4, ) |
i -la =Lz
[ = -Lia laz -1 ,I
“Is -lag -Izz
ANiera (Raf,.1)
Iy = 1132533 , 133 = 7937417 e Izz= 71132352 ,
' 2
Lijg= -7555 , I, = 113232 , .Iz3= 52233 {Sluj-ft)
or

I, = 1535474 , Iz

3533321 , I;3= 9545235 ,

I‘z= -13243 ’ 1‘3

155193 , Ip= 73933 (K3-13)

(2)
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s . T B
o 2 1l1agjonal fora Dy aa drtaisjonal latrix =27

- -

-3
(a)
W
o
(7]
m
v
[a}
[

J.2333143 -J3,3311151 J.J132393 7
C = -J.J3J510684 3.3273353  3.3742533

-3.0182577 -3.3743742 J.9271252

I

I, Im

Iz |

winer2 subindex, M, reprasents tha srincipal axes systean,

2
7137342 {(Slujg-£ft )

I = 1139233 , I = 5335292, 1

From (2), the iynanical eyaation vecomnes

C'ICCw= 0T 2cTt 2cTy + 2Ty
or - ~
TnVpm= - A I Imt Qpm (3)
WwWnarca
u = 2 u,, A= Ay

Similarily, we aave

3= (1/2) Ta, | (4)
EJ.(3) can de written as

Vm= = Inimlnwm + Lpum (3)

For simplicity, we drop subindex m in the following 3Jderivation,
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2. Optiaal Zontrol TWHO=-Point 30unlary-value Proolen (T23vp)

Cost fuaction

T .t'f
$

J = (1/2)5{_ ata 1t = (1/2)Jt ulu it
(] [

Thae Haamiltonian, H, for the system (4),(5) is

H= (1/2) oTa + 5Ty + Ty

37 aeans of Pontryajin's Principle, tne aecessary conditions for
minimizining J, are '

9

p)

plus (4) and (3), whera ‘_3=[p° 2

- @i} === > S - (1/2) Vo (5)

(Jwlr +(1/2)( ila (7))

r‘.
I

- {94/ w} === >

—}

{af{/au} === ) U = - I r A (3)

T

]

-

- T
2, 2, 23 r = [r, r, £tz | are

tae costates correspoanding to g and W, respectively,.

(Jw]

(3]

J JZ .15 J3 Az .I J =(IB-I2)/I1
= J‘ ~3 J Jé N‘ J =(Il -13)/I2
[ 3, 5, Iy, 1 T o=(I,~1,) /14

1
e
N
o
w
)
1o
-}
[E5

After sudstitution of u from (3) into (5), ~we jet

.
w

wnere

/4




Let

-
2203 3 1, 1, A Wl vy 3, 2 % 2 % faryl o= [z zy)T
2203, 9 123 4 v T, 2200, 3 2,0, £, r, )T
E35.(4),(5),(7),(3) caa Ye written as
z = 7(z2) (13)
The boundary conditions
z,(t) . z, (&) are xnown,
’ (11)
z,(t) , zz(tf) ire uanknown,

Tais is tne TP3VP. If we find th2 unknown s0oundary values,

zZo(ty), taen we can integrate (1J) to Jat r, aad from (3) we
odotain the control torjue vactor, u.
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3ricf Review 9f l2tands

(1) 3200ting ‘tethods(Ref.3)

Solve ZE=F(Z) ?’,f

1611 2,9 3 AZ = -E?’
] o, z;é”, [to, 4] s R
| 0 294 8220 | / Yes, stop.

] Zf

\“‘&Sy

;Z;Of—‘ &(Az;j-) .

(2) Qduasilinerization Metnods(R2£.3,14)

&HCSS Z(a)&) , SO-‘.VC:r 2 N f-u-) If&
Scmisfg : Zio, 413, exactLﬂ) Zz= N (FRH2 209
b ==F@ , approx. 210, 215, Zap

§+0F

—] Z(w) =25 )+5220 -

(3) Gradient dethods(22f.4)

L Z,=F (2,u), Z0)= 2o | /\
6'“255 uLo)(',‘t') = — 1 < ———
] ao f (aT<e)
Z=F,(2u), 2= 32“*5 \/

‘l‘ U ) W Sy ,

!

— R i

(4) Otiner Metnods(Ref.2)

C .. 2 T
Minimize 3 =209

o

subject to tae tarninal contraints z (t4)

= an
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3. Zstination of Jnknown 8oundary Tonditions
3.1 3Special Case of Slewiny iotion
The SCOLE rotates adout an arditrary axis € fixed ia J0th
2037 axes systam and iaertial space Soordinats 3ysten, i.e., the
Euler rotation. From the onysical point of view, the rotatioa is
very sinple, its rotationa 1a3le is small, aaj therefore nay
cbn#umes less 2nergyy (torgu2) . In view of our cost fuaction, it
is reasonasle to think tnat the odtinal slewiny i3 near the Zu-
ler rotation. Considering the analytical solution anou- single
orincipal axis falxeuver in Ra2f.2, we da2fine a rotation 1ajle
8(t), aoout an arditrary axis E,
B(t)=6,+ 0;1; +(1/2)é;t’+(1/5)¢§;t3 (12)
For the jiven doundary conditions
0(¢3) =g, é(z) =é,(=3),9(tf) =@f ,(=230), é(tf) =73, (13)

W2 have

b= (58/ch) -4 Goyey

- . (14)
= - (120 /t3) 4 (5 6o/t
(12 f/tj)+(o 90/tj)

QQ
[

After substitution of @ ani £ into (13), ve czan jet zZ(J),ﬁD
1nlt1al juess of the costates at initial tims t=¢t,.
3.2 3ome Porperties of the Costates, ¢
Since qrq =1
we nave T2 = 1= coastant + but 32# 1
3 1s an unknown which is usually Jetermined by itaration, thus
( a4 wjfr ===> 5 independant conditions
g '

[ 2; ===> 7 unknowns to be deternined

e

Fortunataly, for the problen discussei in this saper, we can

=

drove thaat 1 of the 4 uaknowns 3; can de arbitrarily 32lacted,

- 7 -
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4. 'lunarical Results

Jithout loss of Jan2rality, we choose
3=[(1033), q = Qog iy 124 ls,f]T

$0 8 = 2 arccos (q,’) ' &= 1y sign(q.,)/m »3*1,2,3

or 94" cos( &/2) , qii’&j sin(af/Z) ’ j=1,2,3

whera Gj, éj s Can be chosain accordingy to the dractical probdlen.

For example, 5,.:3.87463125, é~‘=3.159526134, 5“333.454357417

uee) (ft-1b)
x 104

° y 0 TIME
' (sec)

Fig. 2. CONTROL TORQUE
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Table I Slewinj Data aail Boundary Values

LOS ERROR (FE&)

2
1131133233 12259733232 I5=7L37342 (slujg-£t)
States
Initial Final
Je L . 3.93483775
q, J 3.15187329
1, 3 3.32935137
13 3 3.87393337
Wy ] 3
Wz 3 3
w3 7 3
Costates ( p,=9 ) x 18'%
No.of Iter. 2, 22 s
g -3.039363937  -3.059113951 -3.193939345
1 -3.009526333 -3.839331742 -3.291133379
2 -3.339532339 -3.039493332 -3.231193294%
3 -G,GJ9602835 -3.03394038936 -3.231193267
4 -3.0239632836 -3.0394038936 -3.231193267
L, L2 £y
3 -03.923492257 -3.172734931 -0.484773353
1 -3.02375793145 -3.195293493 -3.531347327
2 -3.323735125 -3.135472443 -=3.531933771
3 -3.823775325 ~3.13347255¢ =3.33123371)
4 -3.323735325 -3.133472551% —3.531933739

10 TIME (SEC)

0o 2 4 6 8

FiG.l. LINE-OF._SIGHT ERROR

-9 -
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3.

(1)

(2)

(3)

Jiscussion and Furtaer Reconnendations
Coasider tae Distridutisa of g 0a tha Saattle and taoe
Raflector.
Tine-Jotinal Slewing, (Rigid configuration),
Cost Fuaction N
%
3 =f 1
to
Solve tne TP3VP.dy S5acotingy Methods
Iaclude the Flexibility in the Problens.
4 Y T
zZ = [qo ql ‘_12 .13 dl W a /’5 A‘ Az coe An ?a P‘ ?2 oo e ]
{1 x 14 + 22 ]

n = Jo. of flexible appendage nodes includal

&go
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rCOSSzCOSG3 ~C0S6,5ing3 sing, E

C= (sine1sinezcose3 (jsinelsinezsing3 -sjpelcosez
1+Sing cose ) *C0SH Cose ) : . (1

(-coselsinezcose3 (coselsinezsineg Cos8ycosgsy

Lf sine3sinel) *C0s83sing) ]
where if 1,3,k represent the dextral set of orthogona;
unit vectors fixed in the body-fixed frame, then 8, is
the rotation of 7, ©,is the rotation of J and 6, is the
rotation of k. |

The angular velocity of the orbiter can be

transformed from the inertial frame to the body-fixed
frame for the body-~three angles as.

s | (2)

The total kinetic €nérgy expression of the system
can be given as [4] E

w =M

T=To+TyeT, (3)

where T, is the kinetic edergy‘of the shuttle ang is
given as

. T |
To= 1/2 mlvTV+1/2 wliw (4)

The kinetic €nérgy of the flexible beam is T, and it

75




1/2mV V+1/2me-mV Cw+1/2 d ddm
-ﬂ—

. VOT’ dmwaad dm + 1/2 [u y'Gw]dI
. .'” :
ux

Uy' (5)
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+

To

where

and

X

u

Y =1

= Uy, v

n
w's + 1/4p [ ZP q_.+ I

V + 1/2(» Jm- mV g

e 2
'i:l 51 1 i

I 05(8)a4(t)

n .
L 6y5(s)a;(t)

n
Uy =i£1¢wi(s)qi(t)

n
W O o
~r— ::r- ~—

i
Ean)
w
G-
~
N
(=%
wn

(6)

(7)
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and
[n B
, 1:1 P1i 9 .
§(t) = [0, 4 o)
L0
f‘n ,
P 1 Pai 9
~;.1p3i il (10)
. 0 J

The kinetic energy T2 » of the tip mass (the reflector)
is

w0
—~~
‘-’-
S
n
J L

[ [ oo ]
0

T T T .
T2 1/2 m,,__0 !0 - m2_0 a(L)w + m2_O d(L)

- 12 mwld (L)3(L)w + m, oTa(L)d(L)

+ U2, d"(L)d(L) + 172 2TI0 (11)
where
.ux W
g =u+ |b, () | (12)
4y ]
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= V2m, VoV, - myl 3w + moV§ d(L)
- l/erQw a(L)a(L)m * Moo a(L)q_(L)

+ 12 m, [1): z?m(LM 5t )q q + z >:¢~ (,L) ¢yJ(L)q q 5]

*U2PT 1, P+ 1/20 1o (13)
where
P [-¢x1(L)q i(t) Z"* (]L)q (t) ~¢w(,1- (t)] - (14)

Jbst1tut1ng T o, Tl and T, from the foregoing equations

"to equation (3), the total kinetic energy expression
can be written as

T=l2mo V'V +ul WY+ 17247 1 o viag

+3TA2q__+ 1/2q A3q | (15)

where
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me=m,+ ol +m, | (16)

0 1
H=(pL +m E+"H€“)+M§ (17)
I, =T,+d+1, ' (18)
and also
A _q_ = a+m, é(") (19)
A, 3 =T g +5 *+m,Fd(L) + ma(L)d(L) (20)
B -
~ 0
_ ‘ T
Ay = "’L+m 2P *Peil + ¢ (L) o (L) (21)
L 0 N |
'he matrix ¢'(L) is given as
I 0 0 ;
[N (L)
0 o1y (L) ©
SURRN USRI b1y M -
L I (22)
| oot (L) 0 0
0 - ¢iy(L) 0
0 ' 0o | y’¢1.w(L)J /00




4= N+ F(t) (26)

where the nonlinear term N,is given as

mY - Ha + A,

Ni=-CC(moV-Hur Arq) | (27)
=8 (moX- Hus AQ )

Similarly, using eqUation (2) and the chain rule in the

Lagrange's equations, the rotational equations are
zbtained as

HV + I 0+ Ao = B(t) + N (28)

where GIt) is the net moment about the mass center of
the orbiter and is given as

§=8,r(rea)xf (29)
and the nonlinear term N, s given 1in terms of
transformations M and C, and w , V and 8 .The vibration
equations of the beam can be obtained by again using
Lagrange's equations and the potential energy function

-

U=1/2q'kKqg (30)
~here the stiffness matrix K is given as
erc 3 4 |
K = L3 (31)
N
The vibration equations are
. T se
ALY+ &'a v A3 = kg (32)

/0l




To o+ A,q=6(t) + N,(w) (33)

2w+ Ay q = -Kgq | o (34)

Equation (33) can be rewritten as

b =L [ 8+ Np(w) - Asq] (35)
The first three Euler parameters are defined as
[ eq ]
e 2| e =2 sinyr2 (36)
L €3
ey 2 cos v/2 . (37)
de 212 (e wrex w) (38)
d
Jey = -1/2 wee (39)
dtw=2(eud-éue-exd-€-) (40)
- de .'dt = =T
g =gr=h(e v (41)
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On Incorporating Damping and Gravity Effects in Models ot
Structural Dynamics of the SCOLE Configuration

ABSTRACT

The damping for structural dynamics models of
flexible spacecraft is usually ignored and then
added after modai {requencies and mode shapes
are calculated It is common practice to assume
the same damping ratio for all modes, although 1t
1S knuwi tiiat damping due to bending and that
due to torsion arc different Mass effects on
damping are sometimes ignored.

It 15 the purpose of this paper to examine two
ways of including damping n the modeling process
from 1ts onset. First the partial derivative equations
of motion are analyzed for a pinned-pinned beam
with damping. The end conditions are altered to
handle bodies with mass and inertia for the SCOLE
configuration. Second, a massless beam approxima-
tion is used for the modes with low frequencies, and
a clamped-clampcd system is used to approzximate
the modes for arbitrarily high frequency The
model is then modified to include gravity eftects
and 1s compared with experimental resuits.
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| OUTLINE I

Introductory Remarks

SCOLE Configuration

Partial Differential E.quations
Pinned-Pinned System with Damping
Free-Free System with End Bodies & Damping
Massless Beam Approximationv

Gravity Effects

Comparison of Model I'requencies

Concluding Remarks
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[CONFIGURATION

o

P‘/%\L

-/
I" - REFLECTOR

N[

l SHUTTLE

— ]

 RLEXIBLE
BEAM-LIKE
TRUSS

~ ORBITER
X ’7‘
X<— 8 - —
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l Equations of Motion l

Shuttle (and Reflector) Body

-1 _

= _Il (ml Ilml - Ml - Ml.Beam)
= (Fl + Fl.Beam)/mx

T o7

Tl - -mlT‘

Roll (and Pitch) Beam Bending

2 3 4
d“u du
pA —0— CL. S Y% 4 g —¢— [fy n6(s-s,)
%42 Ys24r 0 g4t Z_ ¢.n 6
d |
+8¢,n—(s-s_)
Yaw Beam Torsion ds n
2 3 4
d“u d vy
pl C Yy = By ~8(s-s_)
wdtz Yas2ar ¥gs2 :;1 ¥.n" " n
Beam Elongatioﬁ
d2u d2u dzu 4
PAST2+ CAGSdt—EAS Yz = ) f, [ 6(s-s,)
dt2 t ds n-=1
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Damping Considerations I

5
The Classical Damping, 4= Yields Excessive

ds dt

Excessive Damping at Higher Mode Numbers

3
The Term, -g—lz’—- is Consistent with experimental
ds“dt

Data.

The Practice of Post-Analysis Addition of
Damping Ignores Effects of Mass. Stress Type.

Damping Must be Included from the Start.
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®

Distributed Parameter Model of
SCOLE with "Proportional Damping"

!
;

Start with Pinned-Pinned Beam with Damping
Add Bodies with Inertia at Ends
Model Acceleration of Frame as Inertial Loading

Extend in Three Dimensions to
SCOLE Configuration.

Yields Infinite-Order, Modal, State Equations.
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‘ Massless Beam Model I

Exact Static Deflection

Approximates Low-Frequency Modes
Nonlinear Kinématics

Linearized State Space, Modal Model
Classical Damping(Working Proportional)

Extended to n-Body Network
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Gravity Effects l

Assume Cubic Deflection of Beam

Express Potential Energy due to the
Raising of End Body

Relatc to Stiffness Matrices of Lhe
Massless Beam Model

~Incorporate Gravity Effects in the
Stiffness Matrices

Gravity Effects L.arger than Structural
Stiffness
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X = AX + Bu

-

0

1

l Equations of Motion I

a12
0

0

0
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b1 by byz by
0 0 0 o

b3y b3, b3z bs,

0O 0 0 o
b5y b5y bss bgy
0O 0 0 O

I—mlﬂ

E, o
\{ Fy
R 1 = ml
w, . F
E 4 _md’
V.! |

H“J
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[ - Moment of Inertia

m- Mass

r - Coordinates of attach point
r - Cross product operator rx
My.M_ Fy.E - Stiffness Matrices
1 - Denotes the Shuttle body

4 - Denotes the reflector body
U, - Beam deflection and slope
| 135
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l Stiffness Matrices I

" 4EI 2wL¥
L 15
_ _iEI__ZWL*
My = 0 L 1S
i 0 0 -
" 6EI, W¥ ]
0 2 +15 0
~ |6EI, W¥ 0 0
My=| [ 10 |
0 0 0

X Gravity Effect
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c

c

PROGRAM THOROD , ‘
REAL 11,14, 11IN,14IN,11,n4, MU, “ANG, L, MASS |, MASS4

ORIGINAL PAGE IS
OF POOR QUALITY

DIMENSION 11C13), 1 HIN(13) 14¢13), 141NC13), A(588), RAT 1(7), .

?

*RATIT(13), RAT4(?), AAT4TC13), FUC13 2, FANGC13), MUC13), MANG( 13),

*DUN(388), DUNCS88)>, EREAL(39), EIMAG(39), EVEC(588), DU0(568)

R .......DEFINE INERTIR MATRICES. ..
CALL SET(R,24,24)
CALL SET(I1,3,3)
11€5 3=085443
11¢7)=-145393.
11¢9)=6780108 .
11 11)==145303.
11¢13)=708660 1.
CALL SPITCI1,3H 11)
CALL MAKECDUM, | 1)
CALL INURCIT, 11IND
CALL MAKECI 1. DUND
CALL SET(14,3,3)
14(5)=4969 .
14¢9)=4969
14¢13)=0038
CALL SPITCI4,3H 14)
CALL MAKECDUN, 14)
CALL INURC14, i4IN)
CALL MAKEC 14 DUM)

.......................................... DEFINE ATTACH POINT VECTOR, MATRIX.

CALL SET(RAT1,3,1)

CALL TILDACRAT!,RATIT)
CALL SETCRAT4,3, 1)
RATA(5)=-18.75
RAT4(6)=32.5

CALL TILDACRAT4,RAT4T)
MASS4=12 42

AO=MASS4 /(MASS4+12. 42+ 5
CALL ADD(AD,RATA4T,~1. RATAT DUM)
CALL SPIT(DUM,4H DUM>

CALL MULTCDUM, DUM, DUN )

CALL SPIT(DUN 4M DUND :
CALL ADDC1.,14,-12.42,0UN, |4)
AD=.5%12 42/(12 42+ S%12 42
CALL ADD(AD,RAT4T,-1. RAT4T,DUM)
CALL MULT(DUM,BUM, DUN)

CALL ADD(1., 146 21,DUN, 14)
CALL 5P!T(I4,5H i4NU»

CALL INURCI4, 14IND

HMASS 1=6360 . 46+ BITSE*130. /2.
MASS4=MASS4+ B9556% 138/2.

CALL SETCFU,3,3)
FUCS)=-12 *E | 7(LML*L)
FUCO =12 %E | 7(L% %)
FUC13)=-EA/L

CALL SET(FANG,3,3>
FANG(6)=6 *E| /(L*L)
FANG (8)=FANG(6)

CALL MAKE(MU,FANG)

ADD HALF OF BEAM MASS TO REFLECTOR BODY. ..
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CALL SET(MANG,3,3)
MANG(S )=t *£| A
MANG(9)=—4 *E| /L
MANGC 13)=-GJ/L
CALL SPITCFU,3H FU)
CALL SPITCFANG,5H FANG)
CALL SPIT(MU,3H MU)
CALL SPITC(HANG,SH NANG)
......................... CALCULATE ELEMENTS IN A" MATRIX. ... ................
CALL MULTCRAT 1T, FU, DUN)
CALL MULT(DUM,RAT 1T, DUN)
CALL MULTCRAT1T,FANG, DUM)
CALL ADDC1.,DUM,-1., DUN, DUN)
CALL ADDC1.,MANG, 1., DUN, DUN)
CALL MULTCMU,RAT 1T, DUM)
CALL ADDC-1.,DUM, 1., DUN, DUN)
CALL MULTCI 11N, DUN, DUN)
CALL INSERT(1,4,DUM,A)
CALL ADDC-1.,DUM, 8., DUM, DUM)

CALL MULTCRATIT,FU, DUM) _ ORIGINAL PAGE s
CALL ADDC1.,MU, 1., DUM, DUN) OF :
CALL MULTCI 1IN, DUN, DUM) POOR QuALITY

CALL INSERT(1, 18,DUM,A)
CALL RDDC-1.,DUNM,8. ,DUM, DUM)
CALL INSERT(1,22,0UN,R)
CALL 1DENT(DUM,3)

CALL INSERT(4, 1,DUM,A)

CALL INSERT(19,7,0UM,A)
CALL INSERT(16, 13,DUM,A)
CALL INSERT(22, 19,0UM.A)
CALL MULTCFU,RATIT,DUM)
CALL ADDC-1.,DUM, 1.,FANG, DUN)
RAD=1. /MASS1

CALL ADDCAD,DUM,0. ,DUM, DUM)
CALL INSERT(?,4,DUNM,A)

CALL ADD(-1.,DUM,@. ,DUM, DUM)
CALL !NSERT(?, 16,DUM A
CALL RDOCAD,FU,8. ,FU.DUM>
CALL INSERT(?, 10,0Un A)
CALL ADDC-1.,DUM,8. ,DUM, DUM)
CALL INSERT(?,22,DUN,R)

CALL MULT(RATAT,FU,DUM)
CALL MULT(DUM, PATAT,DUN)
CALL MULTCRAT4T,FANG,DUM)
CALL ADDC1.,DUM,-1.,DUN,DUN>
CALL ADDC1.,DUN, 1., MANG, DUN)
CALL MULT(MU,RAT4T, DUM)
CALL ADDC-1.,DUM, 1., DUN, DUN)
CALL MULTCI4IN,DUN,DUM) |
CALL INSERT( 13, 16,00M,A)
CALL ADDC-1.,0UM,8. ,DUM, DUM)
CALL INSERT(13,4,0UM,R)
CALL MULT(RATAT,FU,DUN>
CALL ADDC1.,DUN, 1. MU, DUN)
CALL MULTCI41N,DUN, DU

CALL INSERTC 13,22, DUM,A)

. CALL ADDC-1.,DUN, 8. , DUN, DUM)
CALL INSERT(13, 1@,0UM,A)
CALL MULT(FU,RAT4T, DUND
CALL ADDC-1.,DUM, 1. ,FANG, DUN)
AD=1. /MASS4
CALL ADDCAD,DUN,@. ,DUN, DUM)
CALL INSERT(19, 16,0UM,A) A | 39




CALL ADDC-1.,DUM,@.,OUR, DUM)
CALL INSERT(19, 18,0UM,A)
Co T CALCULATE EIGEN UALUES, MODE SHAPES. .. .. .
CALL EIGENCA,ERERAL EINAG, EVEC, |ERR)
CALL SPITCEREAL,SH REAL )
CALL SPITCEIMAG,SH IMAG)
123 FORMAT(110,E15.6)
o PRINT NON-ZERO ELEMENTS OF “A~ MATRIX......
00 18 I=4,580
IFCACH »*+2- 00080800001)11, 11, 12
12 PRINT 123,1,AC1)
11 CONTINUE
18 CONT INUE
’ END
—E01 /TOP—
”
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-—
-
-

1 .9B54E+86
2 .GO00E+AR
3 -. 1454E+06
434 1883E+28
14 1
1 .4960E+84
2 .0000E+00
3 .000GE+00
 2453788E+12
DUM !
1 .0000E+a0
2 .000PE+00
3 . 1883E+82
N1
1 - 1174E+03-.
2 -.6771E+@2-.
)
4NU o
1 .9342E+04
2 .2523E+04
3 .0000E+A0
8458059E+ 12
FU 1
1 -.2185E+@3
2 . BOOOE+e-
3 . 0000E+08
FANG 1
| .PPPBE+eR
2 . 1420E+85
3 .G000E+60
mJ 1
| .0029E+0
2 14206465
3 .GOOOE+ER
MANG 1
1 - 1231487
2 . IG3E+RR-
3
PEAL 1
I . 1344E-84
2 -.9698E-96
3 -.2361E-08
4 - 6211E-14
S .6211E-14
6 .2861E-88
7 .9690E-86
8 . 1344E-84
3 .GOGRE+20
10 .0P0OE+00
11 .B999E+08
12 .DOGOE+00
13 .00PRE+00
14 .0PBBE+0Q
15 . 0000E+00
16 .POPVE+E0
17 .BOARE+39
18 .99OOE+H0
19 .0808E+60
20 - GAAOE+50
21 .0000E+09
22 . GOBGE+A0

. OOOE +00

. 9ODRE +60

. 1231E+87?

. BOB0E+00 . BOBOE+EO— 3077E+06
1

2
ODO0E+00— .

.6789€E+87 .
. 0000E+00

2

2

. OBBOE+00- .
. DODOE +00~ .
.6250E+01 .

2
S7TYIE+O2 |
3906E+82 .

. OOOOE+00— .

2

. 2523E+04 .
.0424E+04 .
. B0BOE+00 .

2

. BOBOE+00 .

2185E+93 .

. DROCE +06— .

2

. 1420E+05 .
.B000E+00
. BOOOE+08

2

. 1420E+65 .
. DB00E+00
. BOBOE+00 .

2

3
1454E+06
BGO00E +09

. 709%E+97

3

. BOOOE+00
.4969E+84 .
. B000E+08 .

. DOVOE+00
. 6B0BE+00

ORIGINAL FAZE IS
OF POOR QUALITY
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23 . 00OOE+00
24 . 0OBPE+0S
MAG 1
1 . 0B0BE+BD
2 .000oE+08
3 .OBOBE+08
4 . ODOOE+98
S .B000E+00
6 .0000E+00
7 . OBOVE+88
8 . 0000E+08
9 .8682E-09
18 -.8682£-09
11 1398€E-85
12 -. 1398E-85
13 . 1621E+81
14 - 1621E+81
15 .2328E+91
16 -.2328E+01
17 .3821E+81
18 ~.5821E+81
19 . 1124E+92
28 -. 1124E+82
21 1617E+82
22 - 16176482
23 .3764E+83
24 - . 3764E+03

8 ~.136379E+01
186 -.699518E-62
15 . 15736 1E-81
28 . 136379E+81
22 .6995 16E-82
2?7 - 157361E-01
I3 -.181286E+00
38 .209176E-92
45 . 181286E+09
58 -.2089176E-82
S6  -.279804E-91
58  -.435624E-91
63 .3228S 1E-93
68 . 279804E-01
7e .435624E-61
7S -.322851E-83

77 . 100000E+D 1
182 . 188000E+0 1
127 . 100000E+0 1

158  ~.342839%E-01
178 .342830€E-61
183  -.342839%E-91
195 .342839E-91
288 - 128708£+83
228 . 120788E+83
227 . 1B0BBOE+9 1
252 . 180000E+8 1
27 . 100000E+0 1
296 . 7O3974E+8S
297 .433556E+85

298 . 181820E+82
382 .667765E+00
383 -, 1708SCE+81
364 .231538E+84
368 - 753974E+95
369 -.433556E+85S
316 -.101820€+82
314 - 667765E+90

315 . 178856E+9 1

ORIGINAL FAGE 15
OF POOR QUALITY
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310
320
321

327

344

464

4N

ses
327
552
577

REVERT NORMAL ENG

~.231338E+04
.433556E+85
. 252685E+05
.078424E+92
.247271E+01
.667765E+00
. 133580E+04
. 433556E+05
. 232003E+05
.678424E+82
. 24727 1E+01
.607765E+00
. 133580E+04
. 168886E+02
. 2927376492
. 39924 3€E+82
.4359304E+00
.259825E+00
. 168886E+82
.292737E+82
. 290243E+82
.450364E+09
. 259825E+08
. 108000E+8 {
. 100000E+9 1
. 16008B0E+9 1
. 762218E£+03
.381199E+03
. 117264E+82
. 762218€+03
. 381189E+83
. 117264E+82
. 7622 18E+83
.219870E+83
. 117264E+82
. 7622 18E+93
.219870E+03
- 117264E+92
. 134182E+87
.774127E+06
.4 128068E+95
. 134182E+87
. 774 127E+06
.4 12862E+85
. \2B20BE+D |
. 1RB0aE+9

106020E+0

ORIGINAL PACE 15
OF POOR GUALITY
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Static‘ Deflection

Number of Modes Error in Deflection
1 | - 39%

| | 24
3 17
4 13
D 11
6 9
7 8
3 7
9 6

0
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P.D.E.

278
314
812
1.18
2.05
4.76
5.51

12.3

Lumped Mass

Fi‘nite El.  XClampcd
276 258
301 370
810 926

1.18 179
2.05 2.57
4.77 4.28%
5.52 | 4.28*

124 11.89%
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| SCOLE Experiment
Modal Characteristics

Large | Small | Imaginflry
Amplitude Amplitude Part, jw
/ | 30
O O O
5th Mode
20
ag a
4th Mode
3rd Mode
{ Proportional Damping )
L(Constant Damping Ratio) 10
2nd Mode
o
Ist Mode
-.03 —-.02 - 01 R

Real Part, or
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I Concluding Remarks I

® An Infinite-Order State Space Model
was Developed which Incorporates
"Proportional” Damping.

® A Lumped Mass Mode! of SCOLE was
Developed which Includes Gravnty
Effects and Classical Damping.
Extended to n-Body Modeling.

® Modal Frequencies are Compared for
the SCOLE using Different Methods.

® Items Remain to be Addressed Before
SCOLE Modeling is Complete. ‘
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MODEL DESCRIPTION

DEFINE ELEMENT PROPERTIES :

— MATERIAL CONSTANTS
MODULUS OF ELASTICITY,
POISSON’S RATIO,
DENSITY

— MAST, REFLECTOR, RIGID LINKS AS BEAM
ELEMENTS

— CABLE AS BAR ELEMENT (AXTAL STIFFNESS
ONLY)

— SHUTTLE AS VERY STIFF BEAM (ASSUME
RIGID)
JOINT LOCATIONS AND CONNECTIONS :

— 44 JOINTS TOTAL, 7 FOR CABLE, 12 FOR

MAST, 6 FOR REFLECTOR AND REST FOR
RIGID MASSES ‘
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MODEL DESCRIPTION (Continued)

TWO BOUNDARY CONDITIONS MODELLED:

CASE 1-SUSPENDED (6 DOF FOR ALL JOINTS
EXCEPT TOP OF CABLE)

CASE 2- CANTILEVERED CABLE, SHUTTLE
PLATFORM FIXED IN ALL DOF

INCLUDE RIGID MASSES AND CONNECTIONS :

— ACTUATORS
— SENSORS
— SHUTTLE PLATFORM AND COMPONENTS

CALCULATIONS :

— STIFFNESS AND MASS MATRICES
— INITIAL STRESSES (DUE TO GRAVITY
LOADING) .
STATIC DISPLACEMENTS AND REACTIONS
- — EIGENSOLUTIONS — FREQUENCIES AND
MODE SHAPES
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FREQUENCY DATA FOR CANTILEVERED CASE (FIG 1,2)

FREQ (MZ)
MODE EAL LAB DELTA-%Z °  EAL/LAB RATIO
1 0.443  0.44 0.7 1.01
0.447  0.44 1.6 1.02
3 1.504  1.54 2.3 0.98
4 2.913  3.00 3.0 0.97
5 4,345  4.36 0.3 0.99
6 6.821 3.08 121.5 2.21

FREQUENCY DATA FOR SUSPENDED CASE (FIG 3,4)

FREQ (HZ)
MODE EAL LAB DELTA~ EAL/LAB RATIO
6 0.566  0.55 2.9 1.03
7 0.638  0.65 1.8 0.98
8 1.514  1.62 6.5 0.93
9 2.940 3.10 5.0 0.95

RATIO OF SUSPENDED TO CANTILEVERED FREQUENCIES (FLG 5,6)

MODE* » EAL LAB
1 1.28 1.25
2 1.43 1.48
3 1.01 1.05
4 1.01 1.03

* NOTE: SUSPENDED MODES 6~9 CORRESPOND TO CANTILEVERED
MOUDES 1-4
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RATIO OF EAL TO LAB FREQUENCIES

SUSPENDED CASE

FIG. &

EAL & LAB FREQUENCIES
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EAL PLOT 1st PITCH

SUSPENDED CASE

*  HODE. FREQ (H2) . 5657 x10 *00 ID= 1/17/¢
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EAL PLOT 1st TORSIONAL
SUSPENDED CASE

MODE. FREQ (H2)
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RATIO OF EAL FREOUENCIES
SUSPENDED/CANTILEVERED

FIG.

FIG. S

RATIO OF LAB FREQUENCIES
SUSPENDED/CANTILEVERED
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COMMENTS

— EAL, LAB DATA IN GOOD AGREEMENT

— HIGHER MODES TEND TO HAVE SLIGHTLY

LARGER DIFFERENCES BETWEEN EAL &
LAB RESULTS

— FOR HIGHER MODES, FREQUENCIES OF
THE SUSPENDED AND CANTILEVERED
CASES ARE SIMILIAR; THE MODE
SHAPES ARE ALSO CLOSE
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CONCLUSIONS

— EAL, LAB FREQUENCY DATA MATCH WELL

— NEED TO GET MORE ACCURATE MEASURE-
MENTS FROM LAB, AND WITH MORE
MODES FOR BETTER COMPARISON
COMPUTER MODEL & LAB

— FOR HIGHER MODES, THE CANTILEVERED
CONDITION MAY BE SUBSTITUTED FOR
THE SUSPENDED, THUS REDUCING THE

NUMBER OF NODES AND DOF'S IN
COMPUTATION
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TABLE I: MODES OF THE SYSTEM AS COMPUTED BY NASTRAN

MODE NUMBER MODE TYPE ANGULAR FREQ. FREQ. IN HZ
. [ T 'i
1 PITCH ! 1.746 0.278
2 ROLL ! 1.969 0.313
3 YAW ; 5.105 , 0.182
4 ROLL : 7.410 _ 1.179
5 i PITCH : 12.848 , 2.045
6 ' ROLL ‘ : 29.459 4.689
7 PITCH 34.263 5.453
. 8 ROLL , 74,670 11.884
9 PITCH . 78.883 12.555
10 COMPRESSION . 106,281 16.915
11 ROLL 142.467 22.674
12 | PITCH 145.618 23.176
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INTRODUCTION
HIGHLIGHTS OF NUMERICAL RESULTS

ﬂ[NIHUN-TINE RAPID LOS POINTING SLEW FOR SCOLE
ADAPTATION OF LOS ERROR EXPRESSION

CONCEPT OF "MODAL DASHPOTS'’

fMODAL-DASHPOT UIBRATI ON CONTROLLERS
-— DESIGN AND SIMULATION RESULTS

CONCEPT OF "MODAL SPRINGS'

MODAL-SPRING UIBRATION CONTROLLERS
~- DESIGN AND SIMULATION RESULTS

COMBINED USE OF MODAL DASHPIOTS AND SPRINGS
-— MORE DESIGN AND SIMULATION RESULTS

CONCLUSIONS
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HIGHLIGHTS OF NUMERICAL SIMULATION RESULTS

F8a8a: BPB SLEW EXCITATION /Gooo L-f* ”54%,8‘0”//4 m%
FAB168: ACTIVE DAMPING AFTER EXCITATION S Agfoee pats fom

Fai16e6: ACTIVE STIFFENING DURING EXCITATION
Fz21006.: ACTIVE DAMPING & STIFFENING

DURING EXCITATION
F3100: SAME

Fa11a: ACTIVE DAMPING & STIFFENING
DURING AND AFTER EXCITATION

FZ11e@: SAME

F3118: SAME

F125: BB S7emy EXciTATION ;0,000 L§-ft om Shuttle

25 L& om &MM
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LINE-OF-SIGHT ERROR--GENERAL UECTOR EXPRESSION

—

O FR = RAY OF EMISSION = Rp -Rp

—

F’'R = REFLECTED RAY = LOS VECTOR = Rypgs

0 RF’ = FR +2RFR SINCE

FR +RF’ = FF FR +RR = FR ; FF’ = 2FR
0 RR* = (RF . Rq)Rn = -(FR . RyORp
0 IN UN-NORMALIZED FORM:

RLos = RF’= RR -Ry ~2[(RR -Rp) . Ra]Rg

0 TRANSFORMING TO INERTIAL FRAME,
FORMING CROSS-PRODUCT WITH TﬁRGET DIRECTION

| Dy x TiRLos] |

||°ﬁ||||T1“L08||'31“ °Los

[[Bros||-[sin e o]
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LINE-OF-SI1IGHT ERROR- -

GENERAL MATRIX EXPRESSION

Rax
Ra '
0 Rq =| Y IN REFLECTOR’S BODY AXES
RﬂzJ
[18. 75 3.75 15 ]
| -3z2.8 8 | -32.5
© RR -Rp = | " 00| - 8 © | -13e
Rﬁx~
T .. Ray
© C(RR -RF)" Ry = 15 -32.5 -13¢]
A RQZJ

= 15Rax —32.5R99 -1368Rq.,

15 Rax
-32.5 Ray
RlL.os - 130 - 2C15Rq, —32.5Rgg ~138Ra) Ra o
~2(15Rax -32.5Ry,, “138Raz)Ra, +15
~2(15Rax -32.5Rg,, ~138Ra, )R, -32.5
T | -2(15R4, ~32.5Ray -138Ra.)R4. -138
(2 |8 -1 @
, g | 1 8 @
©oobr o= [?Tﬂ “|lea 8 8
CTI1RLOS ) ~(T1RLOS)y
(T1RLog)y (T1RLOS) %
[T1RLos]= (T1RLOg), | By x 11RL03J= a

‘. 2 2
[ IDpx TiRLos|| = \/[(TI.RLOS)x] + [(T1RLos) )
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MORE ON LOS ERROR EXPRESSION --

INCLUSION OF MAST BENDING AND TORSION
T

Rp -Rp = Rt - T1 T‘l RB —RF
WHERE
" BENDx
BEND
RT = e
-Vv/1382 - BENDxZ -BENDyZ
18.75 3.75
-32.5 a
Rp = 8 R = 8
BENDx =ux(4) —ux(l) BENDy =ug(4) —uy(l)
LOSyx = -(T; Rpsgly = “TyeyRLoOS

- [ZT4HZT4XZ’ _1+2T492’ —2T492qu?J T1 [RT —Rﬁ]
+ T4r9 Rp
LOSy = (T3 Ryog)x = Ty, Rros
) [1“2T§xz’ —2T4sz4QZ' n2T4sz423] T1 [RT i Rh]

4y x
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DYNAMICS:

dz X d)(
atz 't D FE o+ Kx = ¢

FORCE CTORQUE) ACTUATORS AND VELOCITY SENSORS:
f = Bp u

- dx
L T

MORMAL MoODAL REPRESENTATI ON X =3 n

dz d
Lo .

FTE: de Y & n = 5T B u

WHERE
? DInGEwi{] =3T k3
A =3T pg

CONTROL LawW FOR CONSTANT-GAIN
VELOCITY-OUTPUT FEEDBACK :

‘.l=‘l.19

FULL-ORDER CLOSED-Loop SYSTEM EQUATION:

A2 dy

atz * (A + 3T Bp g ¢, 3) ac t g =
~ ~" -~
A*
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MODAL-DASHPOT APPROACH

DESIGN TO ACHIEUE INDEPENDENT
DAMPING AUGMENTATION FOR EACH MODE IN A
REDUCED—ORDER HfODEL

LET &; BE DAMPING RATIO DESIRED OF MODELED MODE i

SET 3T Br G G, 3y = DIAG 28 juwi ]
v——'\/\/ \/\Sf*‘:
AH <

THEN SOLVE FOR FEEDBACK GAIN MATRIX @,

G = @MT Bpot DIﬁG[ZCiwi] (C, apt
| 5
USING THE PSEUDO-IMNUERSES ( )f DEFINED as FOLLOWS

@Ml Bp)t = (aqT Bp)T I_(QnT BF) (3pnT Bp)'l‘]-l

(G, 3ppt [o:cv :sn)’l‘ (C, Qn)]“ C, T

? NEVER DESTABILIZE LARGE FLEXIBLE SPACE STRUCTURES
WHEN THE ACTUATORS ARE CO-LOCATED WITH THE SENSORS

€@ WITHIN THE REDUCED-ORDER DESIGN MODEL, ANY AMOUNT
OF DAMPING DESIRED CAN BE ADDED TO ANY MODE EXACTLY
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NUMERICAL ANALYSIS OF UIBRATION MODES

1. LOS ERROR DUE TO UNIT INITIAL MODAL DISPLACEMENT

MODE 1 2 3 4 5 6 ? 8 9 14

PEAK .37 .53 .54 .93 1.3 .14 .51 .@82 .18 .@3
====> 5, 4, 3, 2, 7, 1, 9, 6, 18, 8

Z. MODAL DISPLACEMENT DUE TO RAPID POINTING SLEW
MODE 1 - 2 3 4 5
PEAK 21.6 683 41.2 13.7 8.49

WHICH MODES REALLY REQUIRE ACTIUE CONTROL?
NEED AN ALTERNATIUE AND MORE INDICATIVE MEASURE tt°?
2. LOS ERROR SOLELY DUE TO EACH MODE EXCITED
BY THE SLEW
MODE 1 2 3 4 5
PEAK 3.26 88.6(?) 9.57 6.53 8.33

====> 2, 3, 1, 4 (OR 4, 1), 5, 7, 6,
A SOUND MEASURE OF THE SIGNIFICANCE OF EACH MODE:

INPUT (SLEW EXCITATION) AND OUTPUT (LOS ERROR)
DULY COMBINED
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ActuaTor/Sensor INFLUENCE on FirsT 10 Mopes

Moe Act.1-3 Mope AcT. 4-6  Mope Act, 7 -8 Moo Act,9-12
2 0.30019%1E-02 5 0,3648718%-01 2 0.14311218£+01 2 0,107114026+00
4 0.412203086-03 4 025172627601 1 0.14061384E+0] 1 0.10338868+00
1 0.40146321E-03 3 0,1599946%-01 3 0,81986851E+00 3 0.10171293‘6@
3 0.1918436%-03 2 0,155958006-01 4 0.39743480E+00 4 0,69439910F-01
5 0.111864746-03 7 0,1471143€-01 7 0.30395976E+00 9 0,683737626-01
6 0.6988178%-04 1 0,1303716%-01 9 0.25503686E+00 8 0,67025743-01
7 0.36829457E-04 9 0,57048u16602 6 0.218527422+00 5 0,631915186-01
8 0.2626153%2-04 6 03413947102 8 0.14623879%+00 10 0,46103600E-01
9 0.15072107E-04 8 0,12352261F-02 10 0.1080153%+0 6 0,39935/7%-01
10 0.13497747E-04 10 0.6363701%-03 & 0.743995906-01 7 -0,322639126-01
Moe Sen. 1 -3  Mope Sen. 4 -6 Moo Sen, 7 - 8 Mobe Sen, 9 - 12
2 0,28690067E-03 5 0.34890966E-02 2 0,1346685%6E+00 2 0,10711402E+00
4 0.39390128-04 3 0,3238774&-02 1 0.127369456+00 1 0.10338368+00
1 0.39113598&'-04 4 0,2405507%-02 3 0.1240785X+00 3 0.1017129%+00
3 0.1894078%—04 2 0.1534685%-02 4 0,38158901E-01 4 0,634399106-01
5 0.1068984%E-04 7 0,1487914&-02 7 0.3679359%-01 9 0.68373762E?01
o 0.06/79044E-05 1 0.13553135%X-02 9 0.30879460E-01 8 0.67025743-01 - -
7 0.35194691E-05 9 0,679112806-03 6 0.2083207%E-01 5 0,63191518-01
8 0.25095521E-05 6 0.3262409%-03 8 0,14005536E-0] 10  0.46103600E-01
9 0.1440293%-05 8 0,11804001E-03 10 0.10299906E-01 6 0.39935779%-01
10 0.12898448F-05 0.60812166E-04 5 0.907372126-02

10

7 0.3226391%-01
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MODAL-DASHPOT HMD.1

PART 1: LINEAR UVELOCITY FEEDBACK GAIN GLUR

2 FORCE ACTUATOR ON REFLECTORS
—=> U7z (X AXIS): Ug (¥ AXIS)
¢ LINEAR VELOCITY SENSORS AT REFLECTOR END
“=> Y15 (X AXIS): ¥Y4g (Y AXIS)
2 "MODELED MODES' FOR DAMPING AUGMENTATION
MODE 1: 87 = 2 X 68 u wy = 2.8964
-=> TIME CONSTANT= 8.95 SEC
MODE 2: &5 = 2X 67 wy = 2.6389

-—> TIME CONSTANT= 8. 76 SEC

PéRT Z: ANGULAR UELOCITY FEEDBACK GAIN GAUR

3 TORQUE ACTUATORS ON REFLECTOR
-=2> Ug (X AXIS): Ug (Y AXIS): Ueg (Z AXIS)
3 ANGULAR VELOCITY SENSORS AT REFLECTOR END
-T2 Y19 (X AXIS): Y11 (Y AXIS): Y12 (Z aAXISs)
3 "HQDELED MODES' FOR DAMPING AUGMENTATION
MODE 3: 63 = 2 X 3 2 w3 = 8.3865

-—2> TIME CONSTANT:= 6.53 SEC
= 2Z2X 3z‘w4 = 8.44708

»
4
> TIME CONSTANT= 4.47 SEC
5§ = 2X 3% wg = @.7742

-—2> TIME CONSTANT= 2.58 SEC
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» dzx dl + K -— P
DYNAMICS: M3tz * D 33 x =

FORCE (TORQUE) ACTUATORS AND DISPLACEMENT SENSORS:

dx
dt

f = BfF u Yy = Cp

CONTROL LAW FOR DISPLHCEHENT—OUTPUT FEEDBACK:
w = - Gp y
FULL-ORDER CLOSED-LOOP SYSTEM EQUATION:

42 y dny T A
dtz *t A at ¥ ¥+ 3" Bp @ Cp 83) vy = 8

MODAL-SPRING APPROACH

DESIGN ToO AUGMENT STIFFNESS To EACH MODE
OF A REDUCED-ORDER MODEL

LET WiNEw BE DESIRED FREQUENCY FOR MODELED MODE i

c o T _ 2 2

SET 84 BF G Co oM = DIAGE”iNEN wi]
= DI f-‘tG[cri]

THEN SOLUE FOR FEEDRACK GAIN MATRIX @,

G = (3,7 Bp)T DInG[ai] (Cp pt
USING THE PSEUDO-INUERSES ¢ »t DEFINED AS FOLLOWS

(§,’.‘; Bpot = (g} BpT [(5;'1’ BF) (3.} BF')T]_‘
(Cp appT = [(CD spOT (g oFS QN)]“ «Ccp én)T
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PRE-DESIGN ANALYSES -- MODAL SPRINGS

PLACEMENT OF 2-AXIS PROOF-MASS ACTUATORS

1 AT REFLECTOR END
' -— PEAK OF MODES 1, 2, 3

1 AT 92FT FROM SHUTTLE (78.77v LENGTH)
-—- PEAK OF HMODE 4

FFT ANMALYSIS OF BPB SLEW PISTURBANCE
==> SHFIT MODES 2 & 3 UP AND AWAY t*t¢
AVOID CONTROL SPILLOUVER TO MODE 1 ¢
IGNORE MODE 4
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1.31E+82 |
Hode flode 1 —- .278 Nz
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MODAL-SPRING MS.1

LINEAR DISPLACEMENT FEEDBACK GAILN GLDM

2

=
Qe J

<2-AXIS PROOF-MASS ACTUATORS ON MAST:

1 AT REFLECTOR END

=2 Ug (X AXIS); Ugg (Y axIS)

1 AT 92 FT FROM SHUTTLE (7?8.77x LENGTH)

=2 Ugg (X AXIS); Uy (Y AXIS)

LINEAR DISPLACEMENT SENSORS ON MAST:

-—-> Y13,

Y14,

""MODELED

MODE 1: *

MODE 2: oX*

MODE 3: 8%

o1

Lo

CO-LOCATED WITH PROOF-MASS ACTUATORS
Y17 (X AXIS):

Y18 (Y aAaXISs)

MODES' FOR STIFFNESS AUGMENTATI ON

a

(2w X B8.7)2 -(2n X 8.3136)2
15. 4627
(Z2n X 8.85)2 -(2n X B8.812)>2

2.4290
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-

MODAL-DASHPOT m™MbD.2

LINEAR VELOCITY FEEDBACK GAIN GLumM
2 2-AX1IS PROOF-MASS ACTUATORS ON MAST:
1 AT REFLECTOR END
~=2 Ug (X axXIS); Ugg (¥ aAXIS) |
1 AT 92 FT FROM SHUTTLE (78.77 LENGTH)
-=2> Ug1q (X AXIS): Uiz (Y AXIS)
4 LiNEﬁR UVELOCITY SENSORS ON MAST:
CO-LOCATED WITH PROOF-MASS ACTUATORS
=2 ¥15, Y19 (X AXIS):
Y16, Y28 (Y AXIS)
2 '"MODELED MODES' FOR DAMPING AUGMENTATION
MODE 1: 6? = 2 X 2.7 © wy = 8.8943

MODE 2: 63

ZX 2.77 w2(NEW) = 8.2375

MODE 3: s = 2 X 2.7 ©~ w3z = 0.2758

Wk
|

MODAL-DASHPOT HMD.3

PART 1: LINEAR UELOCITY FEEDBACK GAIN GLUM
PART 2: ANGULAR VELOCITY FEEDBACK GAIN GAUR
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CONCLUSIONS

GENERAL: |
@ MODAL-DASHPOT aND MODAL-SPRING CONTROLLERS

PROVIDE QUICK AND EFFECTIVE UIBRATION CONTROL
-— EUVEN EXCITED BY MOST VUIOLENT, BANG-BANG TYPE

® HIGH-GAIN PROBLEMS CAﬂ BE AUOIDED BRY
PROPER SELECTION OF ‘'MODELED MODES'' aND
PROPER LEVEL OF AUGMENTATION _

@ MODAL DASHPOTS AND MODAL SPRINGS MOST EFFECTIVE
DUDRING THE INITIAL PERIOD OF LARGE UIBRATIONS
-— HNEED LQG/LTR HIGH-PERFORMANCE CONTROLLERS FOR
PRECISION POINTING/STABILIZATION LATER '

® LOS ERROR DUE SOLELY TO EACH MODE EXCITED BY THE
DISTURBANCE PROUIDES na SOUND MEASURE OF IMPORTANCE
OF INDIVIDUAL MODES

-- CORRECT'SELECTION OF MODES TO CONTROL
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(Fea1e vus Fooagm

-— MAY REQUIRE LARGE CONTROL FORCES AND MOMENTS
AND NOT BE UERY PRECISE

-~ BUT ARE FAST AND EFFECTIVE

USING MODAL SPRINGS DURING EXCITATION PREVENTED
EXCESSIVE LoS JITTER AND MAST BENDING
(FB8188 US Fregea)

APPROPRIATE USE OF MODAL DASHPOTS AND SPRINGS
BOTH DURING aND AFTER EXCITATION SUPPRESSED
LOS JITTER AND MAST BENDING
EFFECTIVELY AND QUICKLY
(FB118, F2118 & F3118 US Fasea)

MORE ACTIVE DAMPING SURING EXCITATION
MAY NOT BE BETTER, HOWEUER
(F3118 vus Fz21109)
-~ MAY REQUIRE MORE CONTROL FORCES AND MOMENTS,
SUPPRESS LESS LOS JITTER, LESS MAST BENDING
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ISSUES MEEDED TO BE ADDRESSED:

COUPLING OF RIGID-BODY DYNAMICS

INTEGRATED DESIGN WITH LAG/LTR FOR HIGH PRECISION
- MODAL DASHPOTS AND SPRINGS AS INNER Loop

TOTAL TIME FOR THE REQUIRED ACCURACY
[N LOS POINTING AND STABILIZATION

EULUATION ON THE LABORATORY APPARATUS

3/1
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PERFORMANCE REQUIREMENTS

(1) MAINTAIN RMS OF THE STEADY STATE LINE-OF-SIGHT (LOS)

ERROR WITHIN A SPECIFIED BOUND.

(II) MAINTAIN STEADY STATE ACTUATOR VARIANCES AS CLOSE AS

POSSIBLE TO SPECIFIED BOUNDS.

ORIGINAL SCOLE CONFIGURATION

® LOCATION OF 2 PROOF MASS ACTUATORS NOT SPECIFIED.

® 42 SENSORS PROVIDED.
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OBJECTIVES

(1) DETERMINE LOCATIONS FOR PROOF MASS ACTUATORS.

(11) DETERMINE A REDUCED SET OF SENSORS.

(III) DESIGN A CONTROL LAW TO MEET PERFORMANCE REQUIREMENTS

FOR LOS ERROR AND ACTUATORS.

® SOLUTIONS TO THE 3 PROBLEMS ARE INTERDEPENDENT.
® CHOICE OF ACTUATORS AND SENSORS INFLUENCES CONTROL LAW,

® CHOICE OF CONTROL LAW INFLUENCES SENSOR AND ACTUATOR

SELECTION.
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LINEARIZED DYNAMICAL MODEL

VECTOR SECOND ORDER MODAL FORM

n + Dn + an = E(u-l-w)

output vector y

Yy = LOSX » Yoy LOSY » ¥q %
2 2 2
E(LOS error) = (Ey1 + Ey, + Ey
=Cn ‘
7 P

LOS
z

2,1/2
3)
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measurement vector z

zp r T position & rate measurement vector
b4
=PnNn+Pn+ v
P v P,T
za = acceleration measurement vector
= + v
Qn a
= Q(-Q2 = Dn + Bu + Bw) + v
n a
z
p’r °
z = _ = Mn + Mvn + v
Zz —-QBu
a Q

where

P 0
P
M =
P o —QQZ_
[ p 0 ]
\'4
Mv =_ 0 -QD
- v -
P,r
Vv = _
+OFl
M

=> ASSOCIATED SENSOR.NOISE (v) & ACTUATOR NOISE (w) ARE

CORRELATED
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® MODEL OBTAINED USING CUBIC BEAM ELEMENT SHAPE FUNCTIONS

FOR BEAM BENDING AND LINEAR SHAPE FUNCTION FOR BEAM
TWIST. |

®© 32 MODES IN ORIGINAL MODEL.

® MODAL COST ANALYSIS USED TO REDUCE TO 23 MODE DESIGN AND

EVALUATION MODEL.

327




MODAL COST ANALYSIS

modal mode mode
cost rank no. modal cost freg. (hz) type
1 1 infinite 0 Tigid body
2 2 infinite o) Tigid body
3 3 infinite 0 Tigid body
4 o 911407 . 299400 bending (roll)
o 7 . 363¢+07 . 118e+401 bending
6 4 336407 76400 bending (pitch)
7 6 . 138e+07 . 811e+00 bending
8 8 . ?55e+06 .05e+01 bending
Q9 10 . 673¢+04 .091e+01 bending
10 9 . 55%e104 . 478401 bending
11 11 246402 . 1223e+02 bending
12 14 “365e+01 . 243 e+02 tending
13 17 .245e+C1 . 3935e+02 twist
14 12 . 305e+00 . 125et0OC boending
15 b . 116e+00 . 390e+0C bending.
16 15 . 349e-01 . 256e+02 bending
17 Q6 ,995%e-02 .109e+03 bending
18 29 .377e-02 . 103e+03 bencing
19 13 c37&6e--02 237 e4 02 bencing
=0 e L1 T74e-02 . 140+ 03 bending
21 25 L E365L-03 .21%5e+03 Ltending
a2 20 U5 T7e-03 . 58b6e+0c Fencing
23 28 . 370e-03 L1535 ¢402 bending
| 23 L10%e-03 LUl Fe O bending
25 19 . 310e-04 LSE1e402 bending
6 34 . 275e-04 L215e+03 bending
'7 32 .617e-09 .17Z2¢+03 bending
e 31 . 274e-05 ,172e+03 tending
29 27 .131e-05 . 13%e+403 tuwicet
30 24 . 140e-07 . 106403 twist
31 30 I 3e-07 1E76+03 tutiet
32 33 .41%e-03 00403 twict
33 22 .298e-10 Ol 1e402 kending
34 18 . 340e-11 . o1%e+ 02 twict
35 21 L elbe-13 . 702 e+02 twiet

® FIRST 5 FLEXIBLE MODES DOMINATE MODAL COST

® BEAM BENDING DOMINATES MODAL COST
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CONTROL LAW DESIGN VIA
- THE OUTPUT VARIANCE ASSIGNMENT ALGORITHM
® ITERATIVE ALGORITHM DEVELOPED BY SKELTON AND DELORENZO

® OBJECTIVE IS TO CHOOSE DIAGONAL Q AND R IN THE LQG COST

FUNCTIONAL

v = Em(yTQy + uTRu)

S.T. THE LQG CONTROL LAW SATISFIES

Emyi = oi‘ (or < oi) V i=1 +n

WHILE MINIMIZING

bounds on input variances
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SENSOR AND ACTUATOR SELECTION

VIA INPUT/OUTPUT COST ANALYSIS

® SUBOPTIMAL APPROACH.
® BASED ON DECOMPOSING COST FUNCTION

v = EQ(YTQY + u'Ru)

. as

n n
y u
v= 1 v+ 5 WV
1=1 i=] 1
n n
u VA
v = ):v"i'+ RO
i=1 i=1

® DEFINES ACTUATOR EFFECTIVENESS,

vact _ W WY
i i i

ANDESENSOR EFFECTIVENESS
sen v
\)i - \)1 L]
® DELETES ACTUATOR(S) OR SENSOR(S) WITH LOWEST

EFFECTIVENESS VALUES.
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® BEGIN WITH LARGE SET OF PRQOF MASS ACTUATORS AT

SOLUTION PROCEDURE

FIXED LOCATIONS

NO

NO

DESIGN LQG CONTROLLER

Y

DELETE ACTUATORS

Y

FINAL NO. OF ACTUATORS?

YES
Y

DESIGN LQG CONTROLLER

]
A

DELETE SENSORS

DESIGN FINAL CONTROLLER

END
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SOME RESULTS

ORIGINAL SCOLE PROPOSAL

rms(los error) < .02 deg

OUR FINDINGS

1f noise through shuttle cmgs only:
rms(los error) > ,045 deg
if equivalent noise through all actuators:

rms(los error) > .075 deg

CONCLUSTIONS

® ORIGINAL SPECS ON LOS ERROR ARE NOT ACHIEVABLE.

® MUST MODIFY LOS SPECS.
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ACTUATOR SELECTION

DEFINE
n _ 2
: u Eu dimensionless measure of
USUM = § —* =
2 total control effort
i=1 ui :
250

Noise 1n all actuwaterg
rms (Qos Ecror) =, '

OISR 1A shuttle amaq's

5o | - rms{los error)=,35>
.26 | . . . . L4, . . . . . e
0 _ e $ — + + + + + + + + — :
96 46 36 32 28 24 20 18 16 14 12 1R 10 -
| o NO. OF AQTUATORS
FINDINGS

® BY USING REDUCED SET OF ACTUATORS THERE IS A 50%

SAVINGS IN CONTROL EFFORT (AS MEASURED.BY USUM).
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| 30 1

25 ¢

20

Usum=100 15 ¢
10 1

051t

0.0

SENSOR SELECTION

Fms(ﬂos e.m*or\ = .03. de‘j

32

24 1S 10
NO. OF SENSORS

® GOOD PERFORMANCE MAY BE ACHIEVED WITH A MUCH SMALLER

SET OF SENSORS.
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(1)

(I1)

(II1)

CONCLUSIONS

RMS(LOS ERROR) =< .02 DEG IS NOT
ACHIEVABLE.

RMS(LOS ERROR) = .05 DEG IS

ACHIEVABLE IF NOISE IS ONLY THROUGH

SHUTTLE CMG'S.

RMS(LOS ERROR) = .08 DEG IS

ACHIEVABLE IF (EQUIVALENT) NOISE
IS THROUGH ALL ACTUATORS.

PROOF MASS ACTUATORS SHOULD BE
PLACED NEAR TOP OF MAST.

GOOD PERFORMANCE MAY BE ACHIEVED

WITH A (SIGNIFICANTLY) REDUCED

SET OF SENSORS.
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EVALUATION OF ON-LINE !
PULSE CONTROL FOR VIBRATION
SUPPRESSION IN FLEXIBLE
- SPACECRAFT

| G.A.Beée,, S.FMasri,R.K. Mtter
Um'versit# of Soutfern Cdcfamm
Los A::Zdzs, CA

OUTLINE
I Object:.'ve

y/4 .Moda&‘n; Issues
—Beam vs. Truss
=NL- FEM, numerical problems

II. Contro Issues
—ED Rulse Actuator Development
- Pseudo Fulse A,lsoritﬂm Dev.
-Large NL simulation Foblems
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OVERALL OBJECTIVE
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MODELLING ISSUES

. Continuous Beam vs. Truss
* Axcal / Torsionat Couplw,
* Local Member Parlicipation in Modes
» Parametric Resonance Roblems

- Mast El(’ﬂt Beam
Dc.'afonds Dmgom.l.s
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«COFS-I Hardware Ca:fc’u.mhon -
54 Ba#s , 60m
171 nodes, 486 elemerts, 522 D.of F. @
-J'ulg 1986 data for member cAaracteristic
from Astro Aerospace Gorp. [Harris Corp.
«MatchA modal resubts with Astro/Harris
+Transient Response Simulations:
-'Ra,higﬂ. damping : € =1 %, 9, ,~10 A
~Sine-sweep, tip exctation
—Noh!tationarg Random, tip excilation
=Harmonic, base excitation
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NONLINEAR EINITE ELEMENT MODEL
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NONLINEAR SIMULATION PROBLEMS é?

1. Excessive CPU Time
* 92+ Hours for T=3 Fundamental Reriods
on VAX 11/750 ,
*Small At (¥ T,, /1000) reguimd for
numerccal stabili f# |

2. Model Order Reduction Necessary |
*Nonparametric "RONN* Model - in process
» Ferametric /Superelement Model-in process
. Va&'d::tg 277
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CONTROL ISSUES

1. Simulation Hugrcss |
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1. Introduction

In the 1987-1990 period NASA has planned several ground and flight
experiments with the eventual objective of deploying iarge flexible structures
in space. A currently active precursor is the SCOLE experiment [1]. Here
the problem is that of slewing an offset antenna on a long (130 ft.) flexible
beam-like truss attached to the space shuttle, with rather stringent pointing .
accuracy requirements (+.02 degrees). This paper examines the relevant
methodology aspects in robust feedback~control design for stability augmen-
tation of the beam using on-board sensors. We frame it as a stochastic
control problem ~ boundary control of a distributed parameter system described
by partial differential equations. While the framework is mathematical, the
emphasis is still on an engineering solution.

The fact that the deployment is in space makes model uncertainty the
major consideration in control design. Particularly serious in this regard
is for instance the modelling of inherent damping in the system long known
to be difficult [2]}, and a still unresolved problem even in theory. Hence
robustness becomes a must feature, even at the expense of optimality. Another
aspect is the complexity of computation, making any simulation studyAa costly
undertaking.

The overall model involving both slewing and beam stabilization is stjill
not well understood. Hence the two problems -- of slewing and stabilization --
are best studied, at least in initial efforts sucﬁ as reported here, sepérately.
We attempt stabilization at the termination of the slewing so that in parti-
cular the system is essentially linear except for a small nonlinear term

contributed by the kinematic nonlinearity. It should be noted that at present

PRECEDING PAGE BLANK NOT FILMZD
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we do not have a stochastic time-optimal control theory adequate for optimal
slewing based on sensor data.

An abstract mathematical formulation is developed in Section 2 as a
nonlinear wave equation in a Hilbert space. We show that the system is
controllable and develop a feedback control law that is robust in the sense
that it does not require quantitative knowledge of system parameters. The
stochastic control problem that arises in instrumenting this law using
appropriate sensors is treated in Section 3. Using an Engineering first
approximation which is valid for "small" damping, formulas for optimal choice

of the control gain are developed.

2. Abstract Formulation

We are concerned with the mast stabilization problem only and the model
we use assumes that the angular velocity of the shuttle-antenna system is
small enough to be neglected. We model the mast as a thin prismatic beam.
There is then the question of whether a finite-element model or a continuum
(involving partial differential equations) model should be used. Here we
deal only with the latter, the basic governing equations being beam bending
and torsion equations with controls at the boundaries.

With reference to Figure 1, the beam of length L vis along the 2

axis, z being zero at the shuttle end. u, (), ue(') will denote the

¢

displacements along the Y-2Z, X-2 planes and uw(-) the angular deflection
about the 2 axis. In addition proof-mass controllers are provided at
points S1 and Syr on the beam, the locations to be chosen optimally.
Control moments are applied at both ends as well as control forces at the

reflector center. The various moments of inertia and masses are specified

in [11, [2].
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We first develop an abstract mathematical model. We define

H = L2[0,L]3 x Rl4 0<L <=

with the usual inner-product thereon denoted [ , ]. We fix the points

0 < 52 < s3 < L and define a linear operator A into H with domain D

in H defined as follows. We use u¢(°), ue(°), uw(°) to denote the

functions in thO,L]3. Thus an element x in H is denoted

*17

The domain D consists of elements x such that u!, ug, u" € LZ[O'L]

¢ v

and u¢(°) has L2 - derivatives in [0,52], [52,53] and [s3,L];

similarly for ue('); uw(-) such that ui(’) and ui(') € L2[O,L]; the

remaining components of x are specified as

X, = u¢(0+) X171 = u;(L-)
Xg = ug(0+) X1, = Ué(L-)
X = u¢(L—) X13 = UW(L-)
x, = ue(L-) X14 = u¢(sz)
Xg = uy(0+) X5 = ug(sz)
Xg = ué(0+) xlé\ = u¢(s3)
X10 = uw(0+) X, = uG(SB)
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Thus at least for x in D, we may identify the finite-dimensional part

as the “"boundary."” The operator A is then defined by
y = Ax
where the functional part (in L2[0,L]3) is given by

EI‘ux (*)

EIBug"(°)

-leu;(')
and the boundary part by:
Y, = £I¢“¢ (0+) C ¥y, ™ EI°u¢(L-)
Yg = EIeug'(0+) Yy, = EIeua(L-)
Y = -EIou;'(L-) Y3 = GIW“W(L-)
Y, = -EIeug'(L-) Yi4 = £I¢(u$%sz+) - u;%sz-))
Yg = -EI°u3(0+) Y15 = EIe(qu52+) - ue(sz-))
Yo = fEIeug(0+) Yie =. EI¢(u$%s3+) - u&%s3-))
Yip = -GIwu$(0+) ’ Yi7 * EIe(qus3+) - Ué(ss-))

It may then be verified that D . is dense and A is self-adjoint and

nonnegative definite. Moreover A has a compact resolvent with a complete

orthonormal set of eigenfunctions (modes). Zero is an eigenvalue.

The control system dynamics can then be characterized as a nonlinear

wave-equation:
MX(t) + Ax(t) + K(x(t)) + Bu(t) = 0 (2.1)

where M is a 17x17 nonsingular nonnegative definite matrix, and defines

self-adjoint positive definite linear operétor H onto H.
R12

The. control

u(*) is in , and
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Bu = x
x = col. [0,0,0,0,0, ul' \12: u3r 04,‘\15, ueu u-,' Uea ug' ulol ull' 1112]

We have thus only "boundary" control. The nonlinearity is kinematic:

(0]
0
0
0
0
0
0
K(x) =
v”1”191
9401494
0
0
o]
0
where
Ql = col (xe,xg,xlo)
94 = col (xll,xlz,x13)

Il’ I4 are symmetric positive definite (moment) matrices and

® denotes vector cross-product.
Two relevant properties of the function K(-) are:
(i) [K(x), x] = 0
. 2
(ii) [xx)|] s const. [ x]

We do allow for "state noise" and let
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Nl(t)
N(t) .= Nz(t)

Ny (t)

FN(t) = x(t)

where N(t) is white Gaussian with spectral density matrix A, and the

components of x(t) are defined by

xi(t) = 0
xa(t) = N (t)
xg(t) = Nz(t)
xlo(t) = N3(t)
xi(t) = 0

i=1,...

i >10 .

Note that the "boundary" values are part of the state.

State-space Form

With
x{t)
Y(t) =

x(t)

we go over to the state-space form:

Y(t) = Av(t) + K(v(t)) + Bu(t) + F(t))
where
[ 0 1
A =
| -M71a 0
0
Bu(t) =
M~ 1By (t)
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and in the notation

Yy
Y = 1 , Y € HxH
)
we have

Ky) = 10
-M K(yz)

FN(t) = © .
-M~1pN(¢)

As is well known, we can introduce a new inner product, the "energy" .
inner product

(v,z1, = [/a y;r /A zl] My, z,]

on R(A) xH. R(A) is the orthogonal complement of the null space of A.
We denote the completed space by HE' We shall from now on consider only

HE' We have:
A+ A* - ¢

and of course A has a compact resolvent and we have an orthogonal decompo-

sition of HE given by

@ .
Y. = Jpy (2.3)
k
1
where Pk is a two~-dimensional projection for each k, pkHE spanned by
+ ¢k
¢j =
10y 0y
- %
o =
-iw, ¢
k"k




where

AN

2
A¢k = wkM¢k ¢ ‘ w >0, W > o (2.4)

k
M ’ . = 6 -
( %% ¢J] 3

Let S(t) denote the semigroup generated by A. Then we have the repre-

sentation:
[
S(t)Y = Y s(t) p, Y
k
1
PkS(t) Pk = S(t) Pk .
More explicitly, if
yl(t)
sS(t)y = .
yz(t)
Then
yz(t) = yl(t)
and
‘ ‘i.’ E sin w, t
yl(t) = L [yl' M¢k] ¢kcoswkt + L [yz.mkl ¢RT— (2.5)

Note. that it is required that Yy satisfy:
v 2 2
g‘yv“%l w < = .

It is easy to establish existence and uniqueness of solution for the

integral version of (2.2):

t t
Y(t) = s()Y(0) + [ s(t-0)Bulo)das + [ s(t-o) FN(o) 4o
0 0 :
t
+ [ s(t-0) K(¥(a)) a0 , : (2.6)
(]

without invoking any nonlinear semigroup theory, by just Picard iteration.

377

See [3].




We can now state the basic result that yields a robust feedback~control

law for the deterministic system (seeing F = 0).

Theorem 2.1.
Let P be any 12x12 symmetric nonnegative definite nonsingular matrix.

Then the feedback control
ult) = -PB*v(y) .<2.7)
is such that the "closed-loop" system
Y(t) = Ay(t) - BBy (t) + K(y(t)) | (2.8)
is globally asymptotically stable. That is to say
vl » o as t o

Proof. We refer to (4] for a proof. The proof exploits the fact that (A,B)
is controllable in an essential way. In particular the semigroup SB(t)

generated by (A - BpB*) isg strongly stable: that is to say:

llsB(t)YllE ) as t > @ |

We also obtain that

o

* » _ 1 2
g (eB sy(t)Y, B sB(t)Y) at = 3 HYﬂE . (2.9)

The control law is also optimal for the quadratic cost functional:

[P B v ]? at + [ Juer)? at
0 0

for the linear system

Y(t) = Av(t) + B/P u(t)
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3. Stochastic Control

To instrument the control law

u(t) = PB*x(t)

= Pb(t) . (3.1)

We need to assume co-located (rate) sensors. The sensor output v(t)
would then be:

v(t) = B(t) + Ny(t) (3.2)

where No(t) represents the sensor noise, modelled as white Gaussian with
(12 x12) spectral density matrix D. . In terms of the state-space represen-

tation (2.2), we can rewrite (3.2) as

vit) = CY(t) + No(t) (3.2)

where

C = B*

and C is of course finite-dimensional. If we assume that the separation

principle applies, a reasonable choice of control law would be
u(t) = Pb(t) : ' (3.3)
where, E denoting conditional expectation:

b(t) = E[B(t) | v(s), sst]
and of course

B(t) = CY(t)
where Q(t) is the Kalman state estimate:

Y(t) = EIY(t) | v(s), ss¢t] .
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Even if we were to neglect the nonlinear term K(-), this would require an
infinite-dimensional Kalman filter, which even if we could instrument it,
would depend on quantitative knowledge of the system parameters. Hence this
filter would need to be simplified in considerable measure, in fAVOr of
robustness.

The simplest version would be one that did not distort bH(t) and thus

would lead to the control law:
u(t) = Pv(t) . (3.4)

We are thus introducing a noise input into the system which may excite
higher-order modes. Let us therefore study the system response which is

now given by the stochastic equation:
Y(t) = (A - BpBY)y(t) - BeN () + K(y(t)) + Fn(t) (3.5)

This can be expressed as an integral equation:

¥ie) = v (t) + gtss(t-o) K(Y(c)) do (3.6)
where
. t t
Yo = s (e)Y(o) - g Sy(t-0)BPN (0)do + g Sy (t-0)FN(0) do
(3.7)

We note that because K(:) is locally Lipschitzian, we may solve (3.6) by

Picard iteration:

t
Y = Y (0 4 g SB(t—o)K(Yn(o)) do . (3.8)

We omit the details; see [ 3]. More important to us is actually (3.7).

We want to show that the process YO(') is asymptotically stationary and
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evaluate its covariance function. Following [5], since SB(') is strongly

stable, it is only necessary to show that for Y in H_:

E
* oo
(j) (S, (o) BpDPB Sg(0)*Y, Y] do < . (3.9)
.and also that
*
£ (s, (o) FAF Sp(0)*Y, Y] do < =, (3.10)

For this purpose we note that SB(t)* is strongly stable with generator

A* - BpB*
and analogous to (2.9) we have that

e * 2 1 2
é'II/EBv sg(t)*y]® at = 5 llv]lE .

Hence
- -]

[ 15e8s 0o ae s Lol pep pv2 < .
: 0
Since

HF*SB(t)-"Y" S IIB*SB(t)*YII

we also obtain (3.10). For Y, 2 in HE let

[R(t,s)Y, 2] E([Yo(t), Y][Yo(s),Z]) -

Then we have that

R(t,s) = SB(t-s) R(s,s) , t2s
and hoence it follows that
limit R{t+L, s+L) = S_(t-s) R, . te2s (3.11)
L*> B
where .
(R Y, Y] = [ H-/ﬁPB”sB(t)WII2 at + [ Ilv’KF’"sB(t)*'\fll2 at . (3.12)
0 0
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The proéess Yo(') is thus asymptotically stationary with covariance operator
SB(t-s)R°° t2s

We note that R, is not necessarily nuclear, even though R(t,t) will be if

R(0,0) is. Indeed taking

D = a1 ; P =1
we obtain that
(-]
2 d 2
(]) u/BpB*sB(t)*Yll dt = 3 ﬂyllE .

From (3.8) we can show that the process vy(t) is asymptotically stationary,
since Yn(-) will have this property for each n. Since it would appear
that the‘nonlinearity is small, we shall now concentrate our attention on
the linear approximation Yo(').

The eigenfunctions of (A - BrB*) are approximately the same as that

of A and the eigenvalues are

Ok
+ ] . —_ <
ok + 1wk : o, 1 .
"where
20k = [Pbk, bk] . (3.13)
Hence
+ + 2 ([prkypbk] + [F*¢le*¢k])
[R®¢k' ¢k]E = W (3.14)

[Pbk'bk]
which is thus the noise energy in the kth mode. We see that increasing

P increases the damping but also increases the noise excitation. 1In prac-
tice one would want a compromise between increasing damping at selected

low order modes but keeping the noise excitation at higher order modes within

bound. Clearly further work is needed before any attempt at control design.
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We may also mention one point of purely theoretical interest. To

characterize the distribqtions of the noise response of a nonlinea; system

described by ordinary differential equations one uses the Fokker-Planck-

Kolmogorov equations which are partial differential equations. In (3.5)

we have a nonlinear partial differential equation; it would be of interest

to develop a corresponding tool to study the distributions.

(1}

(2]

(3]

(4]

(5]
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SUMMARY

The problem of contrglling large,.flexible space systems has been the
subject of considerable research. Many approaches to control system
synthesis have been evaluated using computer simulaéion. In several cases,
ground experiments have also been used to validate system performance under
more realistic conditions. There remains a need, however, to test
additional control laws for flexible spacecraft and to directly compare
competing désign techniques. 1In this paper an NASA program is discussed
which has been initiated to make direct comparisons of control laws for,
' first, a mathematiéal problem, then an experimental test article is being
assembled under ithe cognizance of the Spacecraft Control Branch at fhe NASA
Langley Research Center with the advice and counsel of the IEEE Subcom-
mittee on Large Séace Structures. The physical apparatus will consist of a
softly supported dynamic model of an antenna attached to the Shuétle by a
flexible beam. The control object:ivé will include the task of directiﬁg

the line-of—sighc_ of the Shuttle/antenna configuration toward a fixed
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target, under conditions of noisy data, limited control authority and
random disturbances. The open competition started in the early part
of 1984. Interested researchers are provided information intended to
facilitate the analysis and control synthesis tasks. A workshop 1s planned
for early December at the NASA Langley Research Center to discuss and

compare results.
INTRODUCTION

Many future spacecraft will be large and consequently quite flexible.
As the size of antennae is increased, the frequencies of the first flex-
ible modes will decrease and 6verlap the pointing system bandwidth. It
will no 1longer be possible to wuse low gain systems with simple notch
filters to provide the required control performance. ‘Multiple sensors and
actuators, and sophisticated control laws will be necessary to ensure
stability, reliability and the pointing accuracy required for large,
flexible spacecraft.

Control of such spacecraft has been studied with regard given to
modeling, order reduction, fault management, stability and dynamic system
performance. Numerous example applications have been used to demonstrate
specific approaches to pertinent control problems. Both computer simula-
tions and laboratory experiment fesults have been offered as evidence of
the validity of the approaches to control large, flexible spacecraft.
Concerns remain, however, because of the chronic difficulties in control-
ling these lightly damped large-scale systems. Because of these concerns
and because of the desire to offer a means of comparing technical

approaches directly, an NASA/IEEE Design Challenge is being offered. An
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experimental test article 1s being assembled under the cognizance of the
Spacecraft Control Branch at the NASA Langley Research Center with the
advice and counsel of the IEEE (COLSS) Subcommittee on Large Space
Structures. This Spacecraft Control Laboratory Experiment (SCOLE) will
serve as the focus of a design challenge for the purpose of comparing
directly different approaches to control synthesis, 'modeling, order
reduction, state estimation and system identification.

The configuration of the SCOLE will represent a large antenna attached
to the Space Shuttle orbiter by a flexible beam. This configuration was
chosen because of its similarity to proposed space flight experiments and
proposed space-based antenna systems. This paper will discuss the "Design
Challenge” in terms of both é mathematical problem and a physical experi-

mental apparatus. The SCOLE program is not part of any flight program.

SYMBOLS
a acceleration vector ft/sec?
A beam cross section area
c observation matrix
d noise contaminating direction cosine matrix measurements
e line-of-sight error
E modulus of elasticity
f concentrated force expressioms
Fy4 force vector
g concentrated moment expressions
GI torsional rigidity
I moment of inertia matrix for entire Shuttle/antenna configuration
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m)

m,

V1
V4
Y4
uo
uy

X,Y,Z

moment of inertia matrix, Shuttle body

moment of inertia matrix, reflector body

beam cross section moment of inertia, roll bending
beam cross section moment of inertia, pitch bending
beam polar moment of inertia, yaw torsion

length of the reflector mast, beam

control moment applied to the Shuttle body

control moment applied to the reflector body
disturbance moment applied to the Shuttle body
mass of entire Shuttle/antenna configuration

mass of Shuttle body

mass of reflector body

mass density of beam

beam position variable

direction cosine matrix, Shuttle body ()earth = TI()Shuttle body

direction cosine matrix, reflector body ()

T,

earth = 4" "reflector

body
inertial velocity, Shuttle body

inertial velocity, reflector body

lateral deflection of beam bending in y-z plane

lateral deflection of beam bending in x-z plane

angular deflection of beam twisting about 2z axis
position variables

displacement of proof-mass actuator

line-of-sight pointing requirement

noise contaminating angular velocity measurements
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0,¢,¥ pitch, roll, heading

c damping ratio

T noise contaminating acceleration measurements
wy angular’velocity of Shuttle body |

wy, 'angular velocity of reflector body

DISCUSSION

The objective of the NASA-IEEE Design Challenge concerning the control
of flexible spacecraft is to promote direct comparison of different
approaches to control, state estimation and systems identification. The
design challenge has principal parts, the first using a mathematical model,
and the second using laboratory experimental apparatus. The specific parts
of the Spacecraft Control Laboratory Experiment (SCOLE) program will be

discussed in detail.

Control ObjectivesA

»The primary control task is to rapidly slew or change the line;of-
sight of an antenna attached to the space Shuttle orbiter, and to settle.or
damp the structural vibrations to the degree required for precise pointing
of the antenna. The objective will be to minimize the time required to
slew and settle, until the antenna line-of-sight remains within the
angle §. A secondary control task is to change direction during the
"on-target” phase to prepare for the next slew maneuver. The objective is

to change attitude and stabilize as quickly as possible, while keeping the

line-of-sight error less than §.
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Math Model Dynamics
The initial phase of the design challenge will use a mathematical
model of the Shuttle orbiter/antenna configuration. It is necessary to
obtain a balance, of course, between complex formulations which might be
more accurate and simplified formulations which ease the burden of
analyéis. |
The dynamics are described by a distributed parameter beam equation
with rigid bodies, each having mass and inertia at either end. One body
represents Space Shuttle orbiter; the other body is the antenna reflector.
The equations for the structural dynamics and Shuttle motion are formed by
adding to the rigid-body equations of motion, beam-bending and torsion
equations. The boundary conditions at the ends of the beam contain the
forces and moments of the rigid Shuttle and reflector bodies. The
nonlinear kinetmatiqs couples the otherwise uncoupled beam equations.
Additional terms represent the action of two, 2-axis proof-mass actuators
at locations on the beam chosen by the designer.

The rigid-body equations of motion for the Shuttle body are given by:

_1 ~
U CIR UM A S M.1)
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Similarly, for the reflector body,

. ~
w

-1
A SR S T W)

The direction cosine matrices defining the attitudes of the Shuttle and

reflector bodies are given by:

. ~ T
Ty =-o7
ST o~ 7
4 T T %Y,

The direction cosine matrices defining the attitudes of the Shuttle and the

reflector bodies are related to the beam end conditions.

1 0 0 cosA@ 0 sind@ cosA¥Y -—-sinAY 0
Tk = 4] cosdd -sind¢ 0 1 0 sinAY cosAY 0 Tl
0 sinAé¢ cosl¢ -sindO 0 cosAQ| - 0 0 1
where:
A\l’=u‘v —u‘y
s=L s=0
o % S
T s T 3s
s=L s=0
9 d
A¢=-ﬁ _ﬁ
98 as
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The equations of motion for the flexible beam-like truss connecting the
reflector and Shuttle bodies consist of standa?d beam bending and torsion
partial differential equations with energy dissapative terms which enable
damped modes with constant characteristics for fixed, though dynamic, end
conditions. The system of equations can be viewed as driven by changing
end conditions and forces applied at the 1locations of the proof-mass

actuators.

ROLL BEAM BENDING:

2 3 4

] u¢ 9 u¢ ] u¢ g [ 36 ]
PA ~ 2%, YPA EIX + EI, —— = f 8(s-s ) + g — (s=-s )
8t2 ¢ ¢ 3523t ¢ 8s4 n=]1 ¢,n ¢,n 3s n

PITCH BEAM BENDING:

2 3 4

3ug 37y dug 4 3s
PA —5= - 22, /PA EI 5+ Elg ——== ] [fo’né(s-sn) * 850 78 (s-s )]
at ds“ot ds n=1
YAW BEAM TORSION:
azuv /___33uw azuw g
PI, — + 2¢,1, /GP + Gl, —— = g, 8(s - s )
¥ gl vy 3s2at ¥'oas?  am Hen n
where:
82u¢
f =n , {SHUTTLE BODY FORCE}
¢,1 L y,2
s=0
32u¢ 32A¢ ?
f = n +m 2 {PROOF-MASS ACTUATOR FORCE }
4,2 2 ,.2 2 2
t it :
S=s
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$,4

0,1

0,3

0,4

$,3

32A¢ )
t oy —=
3t
S=S3
Zizu\r
z2z,4 at2
s=130
S"SI
2
. 98 2
) 2
at
S=S2
2
s 2%,
B3 2
at
S=S3
Bzuw
"L, " /18.75 - F_
s=130

{PROOP-MASS ACTUATOR}

{REFLECTOR BODY FORCE}

{SHUTTLE BODY FORCE}

{PROOF-MASS ACTUATOR FORCE}

{PROOF-MASS ACTUATOR FORCE}

{REFLECTOR BODY FORCE}

395



6,1
0,1
gy |

= X +
Ilwl w Il“’l + Ml + MD {SHUTTLE BODY, MOMENTS}

8.{,’2

g
$,2
&g 2) =0 {PROOF-MASS ACTUATOR, MOMENT}
»
) =0 {PROOF-MASS ACTUATOR, MOMENT}

g
¢)4 . ~
g0,4 Ihwlo + w414w4 + M4 + R,BFB,é {REFLECTOR BODY, MOMENT}

[}

80,3
g\y’3

gy’l‘

The angular velocity of the reflector body is related to the Shuttle body

by:
( ] | ’
2 2
j ] ud> 3 u¢
dsat dsat
s=L s=0
o I13¢ ¢
w, = 32“@ - 32“0 + w E 130 © O
4 EPET: 3sot ! B~
s=L s=0 o o o
| au‘y 3uY’
3t at J
s=L » =0
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The line-of-sight error described in figure 2 is affected by both the
pointing error of the Shuttle body and the misalignment of the reflector
due to the deflection of the beam supporting the reflector. The line-of-
sight is defined by a ray from the feed which is reflected at the center of

the reflector. Its direction in the Shuttle body coordinates is given by:

Rt R 2[R - m) -]
T

) “RR— Ry - Z[RA Ry - RF] . RA”

LOS

Rf is the feed location (3.75, 0, 0)

Rp is the location of the center of the reflector (18.75, -32.5,

-130) In an undeflected state.

Ra is a wunit vector in the direction of the reflector axis in

Shuttle body coordinates

The vector Ry can be related to the direction cosine attitude matrices

for the Shuttle body, Ty, and the reflector body, T4, by

e ()

The relative alignment of the reflector to the Shuttle body is given by

TTTA which is a function of the structural deformations of the beam.
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The line-of-sight error, e, 1is the angular difference between the
target direction, given by the unit vector, Dy, and the line-of-sight

direction in Earth axes, T1Rp0s

(o V]
e = ARCSIN 'DT X TIRLOS' or ARCSIN ’DTTlRLOS,

Computer programs are available which generate time histories of the
rigid body and the mode shapes and frequencies for the body-beam-body
configuration for "pitch" bending, “roll" bending and “yaw" twisting.
Since the modes are based on solving éxplicitly the distributed parameter
equations (without damping and without kinematic coupling) there is no
limit to the number of modal characteristic sets that can be generated by
the program. It will be the analyst's decision as to how many modes need

to be considered.

Laboratory Experiment Description

The second part of the design challenge is to validate in the
laboratory, the system performance of the more promising control system
designs of the first part. The experimental apparatus will consist of a
dynamic model of the Space Shuttle orbiter with a large antenna reflector
attached by means of a flexible beam. The dynamic model will be exten-
sively instrumented and will have attached f&rce and moment generating
devices for control and for disturbaace generation. A single, flexible
tether will be used to suspend the dynamic model, allowing complete angular
freedom in yaw, and limited freedom in pitch and roll. An inverted
position will be used to let the reflector mast to hang so that gravity
effects on mast bending will be minimized. The dynamics of the laboratory
model will of necessity be different from the mathematical model discussed

earlier.
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Design Challenge, Part Ome

For part one of the design challenge, the following mathematical
problem is addressed. Given the dynamic equations of the Shutt1e<antenqa
configuration, what control policy minimizes the time to slew to a target
and to stabilize so that the line-of-sight (LOS) error is held, for a time,
within a specified amount, §&. During the time that the LOS error is
within §, the attitude must change 90° to prepare for the next slew
maneuver. This was previously referred to as the sescondary control task.
The maximum moment and force generating capability will be limited. Advan-
tage may be taken of selecting the most suitable initial alignment of the
Shuttle/antenna about its assigned initial RF axis, line-of-sight.
Random, broad band-pass disturbances will be applied to the configuration.
Two proof—mass,»forc; actﬁatbrs may be positioned anywhere along the beam.
The design guidelines are summarized below:

l. The initial line-of-sight error is 20 degrees.
e(o) = 20 degrees

2. The initial target direction is straight down.

()

3. The 1initial alignment about the line?of-sight is free to be chosen
by the designer. Advantage ‘may be taken of the low value of
moment of inertia in roll. The Shuttle/antenna 1is at rest
inictially.

4. The objective 1is to point the line-of-sight of the antenna and
stabilize to within 0.02 degree of the target as quickly as
possible.

§ = 0.02 degree
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Control moments can be applied at 100 Hz sampling rate to both the
Shuttle and reflector bodies of 10,000 ft-1b for each axis. The
commanded moment for each axis is limited to 10,000 ft-1b. The
actual control moment's response to the commanded value 1is
first-order with a time constant of 0.1 second.

For the rolling moment applied to the Shuttle body:

4 < 10%

=10 L MX,l ,command —

-0.1 -0.1
MX,l(n tho=e MX,l(n) *d-e ) MX,I,command(n)

Equations for other axes and for the reflector body are similar.
Control forces can be applied at the center of the reflector in
the X and Y directions only. The commanded force in a
particular direction is limited to 800 1bs. The actual control
force's response to the commanded value is first-order with a
response time of 0.1 second.

For the side for applied to the reflector body:

800 S FY,command < 800

FY(n +1) = ¢ 0-1 Fy(n) + (1 - e'o'l) F (n)

Y, command

Equations for X-axis are similar.

Control forces using two proof-mass actuators (each having both
X and Y axes) can be applied at two points on the beam. The
strokes are limited to + ) ft, and the masses weight 10 1bs each.
The actual stroke follows a first-order response to limited

commanded values.




For the X-axis of the proof-mass actuator at 82

Rl A)(,2,command A

0.1 ~0.1

Ax,z(“ +1)=¢e by o(m + (1 -e ) A (n)

X,2 ,cominand

Equations for other axes and locations are similar.

8. The inertial attitude direciton cosine matrix for the Shuttle body
lags in time the actual values by 0.01 second and are made at a
rate of 100 samples per second. Each element of the direction
cosine measurement matarix is contaminated by additive,

uncorrelated Gaussian noise having an rms value of 0.001. The

noise has zero mean.

djp(m) d),(n)  d 4(n)

Ts,measured(n * - Ts,true(n) * d21(n) dZZ(n) d23(n)

d3l(n) d32(n) d33(n)

where:

E{dij(n)} =0
E{dij(n)dkL(n)} =0 for i #k or j#L
E{dij(n)dij(n +k)} =0 for k # 0

[.001)%  for k =0
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The angular velocity measurements for both the Shuttle and
reflector bodies pass through a first-order filter with 0.05 sec
time constant and lag in time the actual values by 0.0l second and
are made at a rate of 100 samples per second. Each rate
measurement is contaminated by additive, Gaussian, uncorrelated
noise having an rms value of (.02 degree per second. The noise
has zero mean.

For example:

(n+1) = (n) + ¢ (n)

“1,X,measured ®1,x, filtered 1,X

(1]
(=

F 3
E{el’x(n) el,x(n + k)} for k # 0

(.02)>  for k=0

where

10.

“IX,filtered = = 20

“I,x,f11tered * 20 9] ¥ true

Three-axis accelerometers are located on the Shuttle body at the
base of the mast and on the reflector body at its center. Two-
axes (X and Y) accelerometers are located at intervals of
10 feet along the mast. The acceleration measurements pass
through a first-order filter with a 0.05 second time constant and
lag in time the actual values by 0.01 second, and are made at a
rate of 100 samples per second. Each measurement is contaminated
by Gaussian additive, uncorrelated noise having an rms value of

0.05 ft/sec?.
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For example:

(n +1) = (n) + 1 (n)

al,X,measured al,x,filtered 1,X

¢
E{rl,x(n) Tl,X(n + k)} 0 for k 0

(.05)2 for k=0

where:

al,x,filtered =T 2O‘BI,X,filtered + 20 wl,x,true

11. Gaussian, uncorrelated step—-like disturbances are applied
100 times per second to the Shuttle body in the form of 3-axes
moments, having rms values of 106 ft-1bs. These disturbances
have zero mean.

For example:

]
o

E{VMD’X(n) My (@ * K} for k # 0

(100)2 for k=0

1]

;n summary, the designer's task for part one is to: (1) derive a
control law for slewing and stabilization, coded in FORTRAN; (2) select an
initial attitude in preparation for slewing 20 degrees; and (3) select two
positions for the 2-axes proof-mass actuators. An official system
performance assessment computer pfogram will be used to establish the time

required to slew and stabilize the Shuttle/antenna configuration.
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Design Challenge, Part Two

As in part one, the task is to minimize the time to slew and stabilize
a Shuttle/antenna configuration. The differeﬁce is that in part two of the
design challenge, a physical laboratory model will be used instead of the
dynamic equations of part one. The constraints on total moment and force
generation capability will apply to part two, as for part one. Again, the
analyst may select the initial alignment about the assigned initial RF
line-of-sight. Disturbances will be ’injected into the Shuttle/antenna

model. The designer's task will be similar to that for part one.
CONCLUDING REMARKS

A Design Challenge, in two parts, has been offered for the purpose of
comparing directly different approach to controlling a flexible
Shuttle/antenna configuration. The first part of the design challenge uses
only mathematical equations of the vehicle dynamics; the second part uses a
physical laboratory model of the same configuration. The Spacecraft
Control Laboratory Experiment (SCOLE) program 1is being conducted under the
cognizance of the Spacecraft Control Branch at the NASA Langley Research
Center. The NASA/IEEE Design Challenge has the advice and counsel of the
IEEE-COLSS Subcommittee on Large Space Structures. Workshops will be held

to enable investigators to compare results of their research.
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Figure 1. Drawing of the Shuttle/Antenna Configuration
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Figure 2.- Schematic of the effect of bending on the

line-of-sight pointing error.
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SUMMARY

The Spacecraft Control Lahoratory Experiment is a facility for the
Investligation of control techniques for large flexible spacecraft. The control
problems to be studied are slewing maneuvers and pointing operations. The facility
implements the sallent characterlstics of a flexible satellite with distributed
sensors and actuators.

The flexible satellite Is represented by a continuous structure conslsting of a
large mass and inertia connected to a small mass and inertla by a slender, flexible
beam. The structure is suspended by a single cable mounted to a universal jolnt at
the system C. G. The sensors for the experiment consist of aircraft quality rate
sensors and servo-accelerometers. The shuttle attitude will be determined through a

. combination of inertial measurements and optical sensing techniques. Actuators for

the experiment consist of Control Moment Gyros, reaction wheels, and cold gas
thrusters. Computational facilities consist of micro-computer-based central
processing units with appropriate analog interfaces for implementation of the.
primary control system, the attitude estimation algorithm and the CMG steering law.
Details of the experimental apparatus and the system software are presented In thils
paper.

ABSTRACT

A laboratory facility for the study of control laws for large flexible
spacecraft Is described in the following paper. The facility fulfills the
requirements of the Spacecraft Control Laboratory Experiment (SCOLE) deslign
challenge for a laboratory experiment, which will allow slew maneuvers and pointing
operations. The structural apparatus is described in detall sufficient for
modelling purposes. The sensor and actuator types and characteristics are described
so that identification and control algorithms may be designed. The control
implementation computer and real-time subroutines are also described.

INTRODUCTION

A modelling and control design challenge for flexible space structures has been
presented to the technical commynity by the NASA and IEEE (ref. 1). The Spacecraft
Control Laboratory Experiment (SCOLE) was constructed to provide a physical test bed
for the Investigation and validation techniques developed in response to the design |
challenge. The control problems to be studied are slewlng maneuvers and polnting
operatlons. The slew is defined as minimum time maneuver to bring the antenna
line-of-sight (LOS) pointing to within an error limit of the pointing target. The
second control objective Is to rotate about the line of sight and stabilize about
the new attitude while keeping the LOS error within the bound 8. The SCOLE problem
Is defined as two design challenges. The first challenge Is to design control laws,
using a glven set of sensors and actuators, for a mathematical model of a large
antenna attached to the space shuttle by a long flexible mast. The second challenge
Is to design and implement the control laws on a structural model of the system in a
laboratory environment. This report gives preliminary specificatlions of the

laboratory apparatus so that Interested investigators may begin design and
simulation for the laboratory experiment.

The laboratory experiment shown in figure 1 attempts to lmplement the
definition of the modelling and control deslgn challenge within reasonable limits of
the 1-g atmospheric environment. The experimental facility exhlbits the essential
SCOLE characteristlics of a large mass/inertla (space shuttle model) connected to a
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.small mass/inertia (antennae reflector) by a flexible beam. Control sensors and
actuators are typical of those which the control designer would have to deal with on
an actual spacecraft. Some trades are made In terms of structure, sensors,
actuators, and computational capability in order to develop the experiment In a
timely and cost-effective manner. To this end, the basic structure Is made of
homogeneous, continuous elements. It Is suspended from a steel cable with the
positive z-axis of the shuttle pointing up, thus minimizing the static bending of
the antenna mast. The suspension point Is a two-degree-of-freedom gimbal for pitch
and roll with yaw freedom supplied by the suspension cable. The sensors are
alrcraft quality rate sensors and servo-accelerometers. The shuttle attitude will
be determined through a combination of inertial measurements and optical sensling
techniques.

The shuttle control moments are provided by a pair of two-axis control moment
gyros (CMG's). Mast-mounted control torques can be applied by a pair of two-axis
reaction wheels. The reflector-based forces are provided by solenoid-actuated cold-
alr thrusters. Reflector mounted torque devices are a trio of high-authority
reaction wheels. Computational facilities consist of micro-computer-~based central
processing unlits with appropriate analog interfaces for implementation of the
primary control system, the attitude estimation algorithm, and the CMG steering

law. All of the elements which make up the SCOLE experiment are described in detall
In the following text.

The description of the apparatus covers five major groups: The basic
structural elements are described and pertinent dimensions and structural propertlies
are provided. The sensor locations and thelr dynamic propertles are presented. The
actuator locations and estimated dynamic properties are also gliven. - The mass prop-
erties of the comblned structure, sensor and actuator system are given. Finally,
the computing system and analog interfaces are described.

The contents of thls report are conslidered accurate at the time of
publication. All of the planned SCOLE components are Ilmplemented and are available
to the user at a raw signal level. However, due to continued refinement of some of
the components, specific details of the system may change over the life-time of the
experimental apparatus. '

STRUCTURES

The SCOLE is comprised of three basic structures, the shuttle, the mast, and
the reflector panel. The assembly of these Individual components and the global
reference frame are shown in flgure 2.

The shuttle planform is made from a 13/16-inch steel plate and has overall
dimensions of 83.8 by 54.0 inches. Ttg total welght is 501.7 pounds. The shuttie’s
center-of-mass Is located 3.4 inches below the experiment's polnt of suspension, and
26.8 inches forward of the tail edge (fig. 3).

The mast Is 120 inches long. It Is made from stainless steel tubing and weighs
4.48 pounds. One-inch thick manifolds are mounted to the mast at each end. The
assembly of these parts and their dimensions are shown in figure 4.

The reflector panel Is hexagonal In shape, made from welded aluminum tubing,
and welghs 4.76 pounds (fig. 5). It is located 126.6 inches below the SCOLE's point
of suspension. The center of the reflector is located at 12.0 inches In the x
directlion and 20.8 inches In the y directlon from the end of the mast.



The complete system is suspended from an 11-foot cable attached at the system
center-of-gravity via a universal jolnt. Roll and plitch rotational freedom is
provided by pillow-block ball bearings which have an estimated break~out torque of
0.1 ft-1b., The unlversal jolnt Is shown in figure 6. It is fixed to the shuttle
plate, and the system center-of-gravity is made to coincide with the center-of-
rotation by means of an adjustable counter balance system,

SENSORS

The sensors for the experiment consists of nine servo-accelerometers and two,
3-axls rotational rate sensing units. An optical sensor will provide yaw attitude
of the shuttle. The power supplies for these sensors are mounted on the shuttle
plate to minimize the number of large gauge wires whlch must cross the universal
joint suspension point. Only a single 115 VAC cable and 33 signal wires cross the
universal joint. The wires for the sensors are routed on the shuttle and along the
mast.

Acceleroweters

All nlne accelerometers have a frequency response which is nearly flat up to
350 Hz. Linearity is within 0.17 percent of the full-scale output. A typical

calibration 1s presented in flgure 7. 1Individual calibrations are avajlable on
request,

The shuttle-mounted accelerometers shown in figure 8a sense the x, y, and z
acceleratlons. These sensors are dlstributed away from the suspension point to aid
inertial attitude estimatlon. The locations and sensitive axis are shown in
figure 8b.

The mast-mounted accelerometers shown in flgure 9a sense x and y acceleratlion
at locatlons about one-third of the mast length from each end. The positlions and
sensing axls of the devices are shown in figure 9b.

The reflector-mounted accelerometers are shown In figure 10a. They are
positioned in the center of the reflector below the thrusters and sense the x and y
accelerations. The coordlnates and sensing axis of the devices are shown In
figure 10b.

Rate Sensors

The rotational rate sensors are three-axis, aircraft-quality Instruments. The
frequency response s approximately flat to 1 Hz and -6 db at 10 Hz. Linearity Is
about 0.6 percent full scale. A typical calibration is shown in figure 1l1. The
range Is 60 deg/sec for the yaw and pitch axis and 360 deg/sec. for roll. The
threshold is 0.01 deg/sec.

The shuttle-mounted rate sensor packége, shown In figure 12a, senses
three-axis, rigid body angular rates of the shuttle plate. Its coordinates and
sensing axls are presented in figure 12h,

The mast-mounted rate sensor package, shown in flgure 13a, senses three~-axis
angular rates at the reflector end of the mast. Its coordlnates and sensing axls
are presented in figure 13b.
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The sensor information required for control system design is summarized in
Table 1. The sensor type is listed in column 2, and its sensed variable is llsted
in column 3. The analog interface channel is listed next. The coordinates of the
parts with respect to the universal joint are listed Iin the next three columns. The
sensitivitlies In terms of analog-to-digital converter units are listed next. The
error list shows the RMS deviation of the rate sensors or the percentage of full-

scale linearity error for the accelerometers. The linear range of the Instruments
is listed in the next-to-last column.

OPTICAL SENSOR

An optical sensor will be provided to determine yaw attitude of the shuttle.
The optical sensor Is a planar photo-diode with appropriate optics mounted on the
ground. The outputs of the sensor are proportlonal to the position of an Infared
light source on the shuttle. The sensor data ls processed by a dedicated micro-
controller and then sent to the maln CPU over a serial data link for transformation

to attitude angles. No photographs or calibration data are available for this
device.

ACTUATORS

The actuators consist of both proportional and on-off controllers. Shuttle
attitude control is provided by a pair of two-axls control moment gyros (CMG's).
Mast vibration suppresslion can be achieved with a palr of orthogonally mounted reac-
tion wheel actuators positioned at two stations on the mast. Reflector forces are
provided by four cold gas jets. Reflector torques are provided by three ortho-
gonally mounted reaction wheels at the end of the mast. As with the sensors, all
devices are inertlal, and the power supplies and ampliflers are mounted on the
shuttle. Flfteen command signal wires cross the universal joint. All actuators
were manufactured In house.

Control Moment Gyros

The CMG's each have two gimbals whlch are equipped with individual direct drive
DC torque motors. The momentum wheel Is mounted in the inner gimbal and driven by
two permanent magnet DC motors. The nominal operational momentum is about 2.5 ft—
lb-sec. The gimbal torque motors are driven by current amplifiers so the output
torque will be proportional to the command voltage sent to the amplifier. The
gimbal torquers will produce +/- 1.5 ft-lbs at frequencles up to lkHz. The gimbals
are Instrumented with tachometers and sine-cosine poteniometers to facilitate
decoupled control of the shuttle attitude angles. A dedicated computer will be used
to control the CMG gimbals. Routines will be provided so that users may command
decoupled shuttle torques or gimbal torque commands.

The sensitivity calibration curve of a typical gimbal motor is shown in
figure 14. No other callbratlon data are available for the CMG's.

The forward CMG is shown In flgure 15a. Note that the outer glmbal is fixed
and parallel to the pltch axls of the shuttle. The inner gimbal is nominally orien-
ted so that the spin axis of the momentum wheel is parallel to the shuttle z-axis.
The second CMG Is mounted at the rear of the shuttle so that the outer gimbal is
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parallel to the z-axis. The Inner gimbal 1s nominally oriented so that the rotor
spin axls Is parallel to the shuttle x-axls. The coordinates and nominal axls of
actuation of the CMG's are shown in flgure 15b.

Reaction Wheelsg

The mast-mounted reaction wheels conslst of aluminum disks with Inertia of

about 0.00027 1b-ft-sec2 mounted directly on the drive shaft of a 20 oz-1n
permanent magnet DC motor. The motors are powered by high bandwidth current
amplifiers. A torque sensltivity plot Is presented in figure 16. No other
calibration data are available. A typlcal reaction wheel assembly is shown in

figure 17a. The two actuator locatlons and thelr axls of actuatlon are shown in
figure 17b.

The mast end mounted reactlion wheels conslst of D C permanent magnet pancake
motors which are mounted with the armature fixed to the structure. The stator and
case of the motor are allowed to rotate via a slip ring assembly, thus providing
high inertia mass to fixed mass efficiency.

The motors are powered by high bandwidth current ampliflers. The torque
capability of these devices is estimated to be about 50 oz~in. No sensity plot or
other calibration data is presently available. The three-axls reactlon wheel

assembly is shown in figure 18a. The actuator locatlons and thelr axis of actuation
are shown In figure 18a.

Thrusters

The control forces on the reflector are provided by solenold actuated cold gas
jets. The thrusters are mounted in the center of the reflector and act In the X-y
plane. The jets are supplied by a compressed alr tank mounted on the shuttle. The
pressurized air travels through the mast to the solenoid manifold, which gates the
alr flow between the regulated supply tank and the thrusters as shown in figure 19.
Thrust 1is initiated by opening the solenoid with a discrete command. The rise time
and transient oscillation of thrust is shown in figure 20. The magnitude and dura-~
tion of the thrust before the air supply 1s depleted at 60-psi nozzle pressure is

shown in figure 21. The pertinent data from figures 20 and 21 are tabulated in
Table IT.

The thrusters are shown in figure 22a. Their locatlon and axis of actuation
are shown in flgure 22b.

The actuator information required for control system design Is summarized in
Table III. The actuator type and directlion of action are llsted in Column 2. The
analog interface channels are listed in Column 3. The coordinates of the devices
are listed in the next three columns. The sensitivities of the actuators in terms
of digital-to-analog converter units are shown In Column 7. An estimate of the
thruster RMS deviatlons exhibited in figure 19 is presented as error data. No other

error data are avallable. The maximum range of the system actuators Is shown in the
next-to-last column.
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MASS PROPERTIES

The position and welght of the varlous pieces of equipment, which collectively
form the SCOLE' apparatus, are cataloged in Table IV. Distances are measured from
the point of suspension to the approximate center~of-mass of each component. Each
major component is listed in the second column of the table. The x, y, z
coordinates are listed next. The weight of each component is listed in Column 6.
The remaining columns are the mass moments and moments of inertia. The totals for
the complete system are presented on the bottom row.

COMPUTER SYSTEM

The main computer for control law implementation will be a micro-computer based
on the Motorola M68000 microprocessor. The computer has 2.0 M-byte of random access
memory and a 40 M-byte hard disk. The operating system is based on UNIX with c,
Fortran and Pascal compllers available for applications programming. The computer
has 12 serfal ports and ] parallel port. Terminals are connected on four of the
ports and an answer-only modem lg attached to another. One port is used for an
originate-only modem. A line printer is attached to another port. The optical
sensor 1s connected to a serilal port. The IBM PC, which 1is used to drive the CMG's,
ls also connected to a serial port.

Analog interfaces consist of a four-bit, output~only discrete channel: an 8
bit discrete output port, an 8-bit discrete Input port, 8 digital-to-analog
converters, and 64 analog-to-digital converters. All converters are 12-bit devices
with a range of +/-10v. These interfaces are shown schematically in figure 23. The
CMG control software required for the PC should be relatively transparent to the
controls deslgner who will be operating on the CRDS computer.

Subroutines for accessing the analog interfaces and setting the digital
sampling Interval are described in Appendix A. The most commonly used routines are
listed below.

For accessing the analog devices:
getadc -~ read the analog-to-digltal converters
setdac - set the digital~-to~analog converters
thrust - set the cold-gas thrusters.

To control the sampling Interval: ‘
rtime - sets the sample period marks the beginning
of a real-time loop. ‘

A time-iine of the synchronization of the sample Interval using the routine
rtime and the analog interface routine usage Is shown in figure 24. The basic
operatlon is as follows:

The user first calls rtime with flag=.true., and a valld sample Interval,
After setting the timer perlod, the routine starts the user's real-time
routine and the Interval clock. The user routine will use some or all of
the subroutine calls shown. When the user computatlons and actuator
commands are complete, the routine Must return to the top of the real-time
loop and once again call rtime. If this occurs before the end of the
sample interval, the time-out condltion will be Inhibited and rtime will
wait for the next rising edge of the sample Interval clock and then return
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to the calling program. If the user computations take longer than the
sample interval, a time-out conditlon will be signaled to the operator
when rtime 1s called. The user may choose to Ignore the condition and
continue or may take specific steps to alleviate the condition.

The procedure for logging on to the computer is as follows:
Set communication parameters to 1200 baud, 7 bit, even parity.
Dial in to the Langley data communlcatlion switching system at
804-865-4037. When connected, type a carriage return.
To the system prompt "ENTER RESOURCE CODE" type “acrl.”
Wait until “GO" and the “name:" prompt appear on the screen.
Type in your log-in informatlon. All investigators will be given a three-
letter log-in name (usually the university affiliation).

Some useful system commands are listed below:
To transfer a flle to the experiment computer from a smart terminal, type
cat> filename <cr> and then enable the upload function of the local
terminal. When the upload is complete, type <cntl>d.
To transfer a flle from the experiment computer to a smart terminal, type
cat filename then enable the download function of the local terminal and
type a <cr>.

To list the contents of a directory, type 1 <erd.

To look at a file, type p filename.

To compile a FORTRAN program and link with real-time system commands and
TCS graphics, type frt filename.

Note: filename must have the extension .for. The executable code will be
under fllename without the .for extenslon. To run, simply type filename
without any extenslon.

To list the system commands, type 1 /bim. to get a description of any
command, type describe command.

System user guides will be available upon request from the Spacecraft Control
Branch, M/S 161, NASA Langley Research Center, Hampton, VA, 23665-5225. Other
detalls for operating in a real-time mode will be provided at the tlme of
Implementatlion.

CONCLUDING REMARKS

The SCOLE laboratory facllity is an experimental apparatus which permits
ground-based investigatlon of Identification and control algorithms for large space
structures. The facility exhlbits structural dynamics similar to those expected on
the large satellites. The sensors and actuators are typlical of those, which may be
used on an operational satellite. The computational system is reasonably sized with
current technology processors and permits ready access to the facility for
Interested investigators.
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The description of the structural assembly, the sensor and actuator
configuration, and software provided In this paper should be sufficlent for SCOLE

investigators to begin designing identification and control algorithms for the SCOLE
facility. ~
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APPENDIX

REAL-TIME SYSTEM SUBROUTINES

Analog I/0 system command.

NAME:

getadc

COMMAND:

Samples the analog-to-digital converters.

getadc [-s]

DESCRIPTION:

This command is used to sample the analog-to-digital converters and dlsplay selected

channels at

the

terminal. The +/- 10.0 volt Input range Is scaled to +/- 1.0 units

so a single bit is worth .00049 units. The channels to be displayed are selected
option. This option displays a menu which allows the user to set the

with the -s
print flags

1)
2)
3)
4)
5)
6)

for

turn
turn
turn
turn

the individual ADC channels. Specific choices are:

on all print flags,
off all print flags,
on a range of print flags,
off a range of print flags,

display current print flags,

save

current print flags.

If the command Is executed without the =s optlon, the last set of print flags is
used to selectively display the ADC channels.

USES:

getadc.flags

DIRECTORY:

/bin

SOURCE:

/ust/csc/ele/getadc.c
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Analog 1/0 system command.

NAME:

getadc  Samples the analog-to~-digital converters.
COMMAND:

getadc [-s]
DESCRIPTION:

This command is used to sample the analog-to-digital converters and display selected
channels at the terminal. The +/- 10.0 volt input range Is scaled to +/- 1.0 units
so a single bit is worth .00049 units. The channels to be displayed are selected
with the -s option. This option displays a menu which allows the user to set the
print flags for the Individual ADC channels. Specific choices are:

1) turn on all print flags,

2) turn off all print flags,

3) turn on a range of print flags,
4) turn off a range of print flags,
5) display current print flags,

6) save current print flags.

If the command is executed wlthout the -s option, the last set of print flags is
used to selectively display the ADC channels.

USES:
getadc.flags

DIRECTORY:
/bin

SOURCE:
/usr/csc/ele/getadc.c
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Analog I/0 system command.

NAME: .
setdac Sets the dlgltal-to—analog converters.
COMMAND:;
setdac [-s] [-0]
DESCRIPTION:

This command is used to set the voltage on a range of digital-to~analog output
channels, The +/~ 1.0 unfit output range is scaled to +/- 10.0 volts so a single
unit is worth .0049 volts. The channels to be set are selected by executing the
command with the -s option. This option displays a request for the range of
channels to be set, and then queries for individual channel values in terms of

units. All DAC channels may be set to zero by executing the command with the "-0"
option.

USES:
Nothing.

DIRECTORY:
/bin

SOURCE:
/usr/csc/ele/setdac.c
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UNOS system command.

NAME :
lterms Terminal emulator.

COMMAND:
term [-s] [-S]

DESCRIPTION:

This command connects the user terminal to the Langley central data communication
switch at 1200 baud. This is a dumb terminal emulator which provides rudimentary
file transfer capabllities. No attempt is made to emulate control codes of any
particular terminal for editing purposes.

The emulator commands are as follow:

@ Return to UNOS (operating system.)
To download a flle.

To upload a file.

To excute a system command.

For help. :

!
-

-~

The optlions are:

-8 300 baud
=S 900 baud

Upload means to transfer a file from the Charles River computer to the remote
computer. The remote computer must have some mechanism for recelving the text.

Download means to transfer a file from the remote computer to the Charles River
computer. No attempt is made to check for existence of the receiving file name
before saving the downloaded file.

USES: :
/doc/cmds/1term.help

DIRECTORY :
/bin

SOURCE:
/ipw/lterm.c
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Analog 1/0 system command.

NAME:
8751 test Test the serial communication link to the 8751 boards.

COMMAND:
8751 test

DESCRIPTION:

This command facilitates verification and calibration of the 8751 micro-controller
Interface over the RS-232 serial ports. The command querles for voltages to be
output by the digital-to~analog converters on the 8751 boards. The data input is in
terms of units with 2047 equal to 9.9951 volts and -2048 equal to -10.0000 volts.

If the Input 1llne contalns only one value, all active boards are sent that value.
Otherwise, individual values are sent. :

USES:
' motint()
motsub()

DIRECTORY:
/bin

SOURCE:
/usr/rdb/8751_ﬁest.for
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Analog I/0 system subroutine.

NAME:

getadc() ( C callable ) Sample a range of analog-to-digital converters.
CALL:

Int error, first_adc, last_adc;

float adc_data polnter‘

int getadc( first _adc, last_adc, &adc_data_pointer)

error = getadc(first _adc, last_adc, &adc data _pointer)
DESCRIPTION:

This subroutine samples a range of analog-to-digital converters. The +/- 10.0 volt
Input range 1s scaled to +/- 1.0 units so a single bit is worth .00049 units. The
arguments are:

first_adc (int) First converter to be sampled (numbering starts from
zero.)
last_adc (1Int) Last converter to be sampled (maximum Is 63.)

badc_data_pointer (*) Starting locatlon for storing sample data. Data are
floating point values with a range of +/- 1.0.

RETURNS:
error = 0  indicates valid transfer.
error = [ndicates bad range.

USES:
Nothing

LIBRARY: None

SOURCE:
/usr/csc/ele/getadc_c.c
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Analog I/0 system subroutine.

NAME:

setdac() ( C callable ) Set a range of digital-to-analog conveters.
CALL:

Int error, first dac, last dac;

float dac data pointer;

int setdac( first dac, last dac, & dac data polnter )
DESCRIPTION:

This subroutine sets a range of digital-to-analog converters. The +/- 1.0 unit
output range is scaled to +/- 10.0 volts so a single unit is worth .0049 volts. The
arguments are:

first dac (int) First converter to be set (numbering starts from
zero.)
last_dac (int) Last converter to be set (maximum is 7.)

&dac_data_polnter (*) Starting locatlon DAC data. Data are floating polint
values with a range of +/- 1.0.

RETURNS:
error = 0 Indicates valid transfer.
error =-1 Indicates bad range.
error > 0 Indicates “"error” number of data words out of range.

USES:
Nothing.

LIBRARY:
None.

SOURCE:
/usr/csc/ele/setdac_p.c
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Analog 1/0 system subroutine.

NAME: )
getadc() ( Fortran callable ) Sample a range of analog-to-digital
A converters.
CALL:
integer error, getadc
error = getadc(flrsg_adc, last_adec, adc_data_array)
DESCRIPTION:

This subroutine samples a range of analog-to-digital converters. The +/- 10.0 volt

input range is scaled to +/- 1.0 units so a single bit 1s worth .00049 units. The
arguments are:

first_adc (integer) First converter to be sampled (numbering starts from
. zero.)

last_adc (integer) Last converter to be sampléd (maximum is 63.,)

adc_data_array (real) Starting locatlion for storing sample data. Data are
floating polnt values with a range of +/- 1.0.

RETURNS:
error = 0 indicates valid transfer.
error =-1 Indicates bad range.

USES:
getadc_w.j.

LIRRARY:
/lib/acrl_rt_lib f.j

SOURCE:
/usr/csc/ele/getadc_f.c
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Analog 1/0 system subroutine.

setdac() ( Fortran callable ) Set a range of digital-to~analog
converters.

CALL:

integer error, setdac

error = setdac( first_dac, last_dac, dac_data_arrray )
DESCRIPTION:

This subroutine sets a range of digital-to-analog converters. The +/- 1.0 unit
output range is scaled to +/- 10.0 volts so a single unit 1is worth .0049 volts. The
arguments are:

first_dac (integer) First converter to be set (numbering starts
from zero.)

last_dac (integer) Last converter to be set (maximum is 7.)

dac_data array (real) Starting locatlon DAC data. Data are floating point
values with a range of +/- 1.0.

RETURNS:
error = 0 Indicates valid transfer.
error =~} Indicates bad range,
error > 0 Indicates "error” number of data words out of range.

USES:
setdac_w.j

LIBRARY:
/1ib/acrl rt_11b_f.j

SOURCE:
/usr/csc/ele/setdaq_f.c
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Analog 1/0 system subroutine.

NAME:

motsub() ( Fortran callable ) Send scaled voltages to the 8751

¢ : micro-controllers which in turn set
Individual DACs.

CALL:

integer torque

call motsub ( torque )
DESCRIPTION:

This subroutine sends the motor torque command data to the 875] micro-controller
boards which in turn load the data into the digital-to-analog converters.

torque(6) (integer) Array of dimension 6 which contains the scaled data
to be output on the 8751 DAC's. The range of the data
is +2047 for +9.9951 volt output to -2048 for =10.0000
volt output.

REQUIRES:
Call to motint.

RETURNS :
Nothing.

USES:
: motsub_w. j

LIBRARY:
/1ib/acrl_rt_lib f.j

SOURCE:"
/3pw/8751COM/torsub.c
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Analog 1/0 system subroutine.

NAME :

finish() ( Fortran callable ) Close serial ports to 875ls.
CALL:

finish()
DESCRIPTION:

This subroutine closes the serial communication lines to the 8751s. There are no
arguments.

RETURNS:
Nothing.

USES:
finish w.j.

LIBRARY:
/lib/acrl_r{_lih_f.j

SOURCE:
/3jpw/8751COM/torsub.c
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Analog 1/0 system subroutines.

NAME:
thrust ( Fortran callable ) Set the discrete ports to activate the
thrusters. :
CALL:
integer*2 thrust = thrust ( x,y )
DESCRIPTION:

This subroutine sets the states of the four discrete outputs on the Parallel
Interface/Timer. It was designed for the thrusters on the SCOLE facility. The
arguments can have one of three values: 1, 0, or -1 corresponding to positive,
none, and negative thrust respectively.

The arguments are:

x (integer) State of x thruster.

y (integer) State of y thruster.

REQUIRES:
Nothing.

RETURNS:
Nothing.

USES:
thrust_w.j

LIBRARY
/lib/acrl_rt_lib f.

SOURCE:
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Analog I/0 system subroutine.

NAME :
rtime() (fortran callable) Mark the start of the real-time loop and
change the sample time interval if required.
CALL:
call rtime(tau,flag,k)
DESCRIPTION:

An internal memory mapped timer is used to control the timing of real-time
operations In the Charles River Computer. The programmable clock is required to
generate a start pulse and a stop pulse for each sampling Interval of the control
process. The maximum interval is elghty-five seconds and the minimum interval Is 5
micro-seconds. The timer is a Motorola M68230 Parallel Interfac Timer (PI/T) which
provides versitile double buffered parallel interfaces and 24-bit programmable timer
for M68000 systems.

Note: The call to rtime() should be made just iInside the real time loop. The
arguments are: ‘

tau (real) 1is the sample period,

flag (logical) is the Indicator to either malntain the same value of tau or
pass in a new value,

k (integer) is the timout parameter. If k Is returned from rtime
containing a 1, this indicates a normal return. 1If k Is returned a 0,
a timout has occurred, and appropriate action should be taken. The
user must supply his/her own timout procedure.

REQUIRES:
Nothing.

RETURNS:
k

LIBRARY:
/lib/acrl_rq_lib_f.j
Add " /jpw/rtime.obj " to FORTRAN compile command.

USES:
tmset()
init()
rtwate()
cktim()
pint_w.j

SOURCE:
/jpw/TIMER/pint.c
/jpw/TIMER/pint_y.m
/ipw/rtime.for
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TABLE II. TYPICAL THRUSTER DATA

TABLE II. TYPICAL THRUSTER DATA FOR SIXTY PSI NOZZLE PRESSURE.

Peak Thrust 0.641 1b
Steady State Thrust 0.32 1b

Rise Time 0.032 seconds
Thrust Duration 24 seconds

437




™
13UUBD INAIN0 IWIVV](Y « ISIC
[2UUBYHY 18319AU00 BO[WUN-0J-]V}1}¥IJ = DV
VoY [[N) = °§° 4
401081J31 = 41
UOTIVIV[ IbBW JIMO] = (W
UOIWI0| VW J9ddn = (w
J1IhYyY - 8
I[va g =« Jpun |
(ELUTY
0 uj-20 (Z+ - uy-z0/831un ¢Q*Q 8° (8- vy [TV} Yy owu Alw uovjlovdy 6l
tovyn ‘
0 Uf-20 7+ - ul-zo/837Un GO ¥ lg- [VAV] [T s owu Xlw uojIowdy 'l
leoym
0 up~-20 Z+ - uj~zo/elyuUn ¢O°Q 0°19- usn (VAN V] 2 IOV Alw UofIoeey Ll
Ta9ym
0 uUi-30 0Z+ = uy~z0/833un ¢Q°Q 0" 1y 0°0 0°y € ova X[a LCIRELE ] 91
0 d]qe[ear J0u e 2IqeT}®AR® Jou g szi- ST Y- [ Z owu 21
0 d1qe1vA® J0U - 2Iqerjear jou 8°s¢I-~ v 0°9- 1 ovw A1 T29yn
0 2[qu[jear jou - Jqeryvas Jou g szl 0°9- o' U Ivd x4 uujlovdy 41
0 ¥a® Q1 CE°0 w1 q1 Z$20°0 Jjojuo  sqy1 ¢g° - " - % JS1¢ Ad-
0 Baw QI $¢°0 m1 Q7 Z5Z0°0 jjojuo  eqr ¢g° - - - t Oslu Al
(1] ¥a® q1 S€°0 oml |1 2620°0 jjojuo  8q1 cg* - “ - Z J8IQ X4~
0 Bav g1 S(°0 a|u g1 Z520°0 jjojuo  8yq1 ¢ £ yzi- (VA T4 $°Cl 1 Js1ud X2 LELPLLFIES [2}
0 QI=33 s°I -/+ - (41=33/83Fun) gyng-p " “ - m).u auk v
0 qr-33 S$°1 -/+ - (41=33/921un) yyvgQ 88 00 6°CC~ SAl Y231d ¢ (1)) %O el
0 Q-3 S°1 -/+ - (a1-313/837un) gyygeo " - " 413 Y233d s
(1] QI-3 S°T -/+ - (q1-33/833un) gyye-of g°9 (VA41] £°¢€ [ZE2) I1ox s (*303) 90O 14 I
(oma am) Anezu:: (99yduy) (89yduy )| @2anog| uoy3IddsLfQ *ON
su}lg ow:!-. IVJON A3IyATIFRUSS °Pa00) Z| °pioo) A| cpaouwy x| [wu¥}S| uojlenjoy WAL uIuvdwo)
NOIS3d WALSAS TOMINOO 04 SYALAWVEVA HOLVALOV °III 4'19VL

438




439

()]
kb4 W
. A
i u
€
Bien
I .
« o
s ) . Aa
; (o) 6° 21 Ty T 1~ Yz 0° 64 1°06 0z~ it 0°C Lo [ YA b Byl vl 4930W033] 900Y 1
Lok
_r.\:. xa
C; W (R A 6"y 1°1- ¥'e $°e8 $°06 [ A $°t L1 o troli- 8O v*ul EEREL R AR S04 (1}
Azw
9°0- 00 0°0 00 L°0% L°0% 6" 7i- 0~ 00 [ R) B LY- L= (U] 193au0ia] a0V 6
. now
v 9 0- (V] 0°0 Loy L°0y 6" vi- [VgV) T 0- Lo ¥° e~ u'v [ & dejouvie[ Py .8
) Ajw
L0~ (1] 0°0 00 6°8 '8 vt L~ 270~ 00 {L1°o oIy~ [ B ($ )V} 1939WL IV dIIY [4
Xju
(1] Lo~ 00 00 6°8 6"y 0L~ (V1] ¢t 0- Lo O in- (VAV} [ 1939u0lV[uIIY Y
v 2y
u*u (o~ vo [Ad!] t°o 1°0 ¥ u- (VXV} B B B Lo S Y- (VY] L*y- d9taunla]uaay A
Ay
LU 00 v°o L°0 i°0 [ V] 80~ °0~ (10 V] Lito sy S~ ] 1910uWui1d] 0y b4
. Xy
v°0 (A1} 0°0 %0 $°0 10 g7 0- 0°0 st {0 S° - 0°0 0°6 4@833wu19]822Y t
0'0 0°0 (131] 0°0 S§ (8 ST Ll S gig- 0°0 0°0 6y° 1 [ TA R 0 (V7] 2 014X e3vy 4
00 L (11] 90y 6° 1Y 21 6°4- 0°0 6° 9% 69°1 £°6- 0°0 8 L2 8 O1AH 93wy i
TUsaey
(T 99udU] 4 sdnpe) (¢ *ui v 83nps) (9aydur °q})
ZA A X (*4q1) ("up) (curp) (v oday *ON
26 | x| Ax [ 2Z 1 A1 XX 1 Juouuy JUWLY JUBWOK IYydyam }cpaov) ¢ % Cpaooy Alcpaool x Juuudwo) Jueuoduo)

*Al A'19VL

| SNOILVDOT INANOJWOO GNV SA1IY3Ad0¥d SSVW SNLVIVAdY AT00S




v

6°L$- 0°Z9 6°SIt 6° ULz 0° 9s1 m.mm._ szt §°l%¢e 0°Sye- 00° 0t 8°s g 01 Sti1l- 27qviaea | .14
611 6°tl L6~ 6°8S L7 6t $°0¢ L9t 1°9¢L- T b8~ L YA 0°s $Tul- £ Z1- 14 24
0° 9y~ $° Ty $°6L STHSH €°L6 teoti 0 el 897 0" (92~ 00° 92 S Lol $° 6~ v vpqevy 9
09y 1984 ] $°6L~ LR 19} €°L6 reoit 0*enl H°L92~ 0° vz~ 00° Yz $°S U= $*6- € FPpquey 134
0°0 o*u S 6L S Sl 6°2L L°98 0o 8 (9T~ (VA4 24 [VTAr74 (YY) Loul $°6- ¢ vpquvi k24
0°0 0°v $°6L- 19111 6°2¢ L°se 0°0 8° (97~ 0° LYz~ V0* 9T (VY] Loul- $T6- 1 vpguv( . (%4 B}
TSTTION Semod N
6 Byl I°gy 8° 9y~ 1“1t 9°0Z9Z| T°929Z} 6°0y9- S8 0°zz 0s°S ¥eLZi- (V3 (V] PIoudtoy [44
0°sl 0°0 0'0 L0 1°L9e 6°LYE [ X4 8°< 0°0 (S8 8° (8~ 0oy 00 AT 19944 uo[Idwey [ ¥4
LAl (1 0d1] 00 Lo LSt v°9¢ 9° 65~ 8¢ 0°0 Svel 0 Iy- 0y 0°0 Al [33yn uolI1dwey 174
0*0 6°sl (1 V) L 6°LY¢E [°L9g [S&4 B 0°0 Y S%el B°lY- (V) (V) 4 XT T99ym uojI1dVeY 61
0°o %°L vt Ly **9¢ L°SL 7°65- 0°0 §°s syl 019~ (V1) uy Xl 190y uojovaey ..!.ac._ill
L°8¢L~ L°SL- (- ys T°901Zf 2°901Z] 9 Hes- £°6l- t ol .74 4 B Sl L A L o Z [99yn uo)iovay I3 !
0°0 0° 101~ 0°0 gy €°801Z] S°€oI1Z] %°8es- 0°0 L°6T- 8l L YA 8 u*o 0°9 A 193yn uoyIdRay 91 |
o°tor- 0°0 0°0 8"y S°E0IZ| €°801Z| v 8cs~ L°52- [} 82°Y 8°6Z1~- 0°9- 00 X T93ym ucjioway sl
8°08 9 9y 8° L~ 6°Ll € 98y [ %1 [ 14 4 174 0zl 00°1 SR 74 [ AV 74 o°zl $1318nayy 2
0°0 €°80¢ 0°0 o°zstt $°€ely s°ip 6° 662 00 ST LTI~ LT B8 0°0 6"t~ (%) 5RO el
00 €°6L1~ 0°0 yezzet $°9%eif 0792 8°T91 (Y] 0°8oci LZ°9 gy 0*v €°¢¢€ (*103) 0O 4]
8403IWNOY
(T2 ®ypyouy , wins) (Z °ur » ®¥nre) (%3ydu) -q
4 A X (°y1) (°u7) (*ury) (cuy) 2dAL *ON
L7 | ™ 1 Ax 1 ZZ 1 AL 1 XX I Judwoy Judmoy AT ] WBren |*pavoy 7z |pavoy i *piov) x Juduoduu) 1UIUOdwo))
(Q,1NOD) SNOILVDOT INANOdWOD GNV SATLYAdONd SSVH SOLVYVddV 3100S “Al a19vy

4.4.0




ORIGINAL PAGE |13
OF POOR QUALITY

(G,INOD) SNOILVOOT INANOJWOO (NV SATILAAJ0dd

Vo [ 114 L°1969] 8 zoel| €°te9i~| 0°0 lm.N.:z L o 6" SRR vy
ESLIRLYRTS
00 (| 6°91 1°0 8°0- 00 0g°0 Sz~ (N4} AR 1]
§°8- 6°Z- L6 9°6¢L s zi- S TIT- 00°¢ s - s - 1 *o8re 4
00 vo 8°1 Bl 9°€i- (TM1] 61°¢ Loy- U0 doy projruwe 1}
VU 00 L°808 | (°808 | Z o2~ | 00 w9 1 N4 0o wollog Projjuve ._.4,.1
(] L1z 1°¢¢ v* 0l 69y 00 ¥6°S s L :r.:- t:__.:._....ﬂ....._..s.._ - aap -
(TM7) ¥ 0L GrLoE | 1eul Sy u°0 oo et 5y ¥ Yz~ SRFLY .:_.:H. ¥t
L0 (R 0°2 9*ul 0l 0 (L~ 00y Leu 0y 101V {uBea t
00 1°91- %99 1°y £ 0s- 00 t1o6l 9z~ teul- junow samod 9t
60 (oL~ S UL s 6ul [S49% 00 [YAR LY 0ol [ quvy v st
vo 0% 1°¢59 | 00 0°0 00 00° 01 00 09y awou vt
0°L66 6°8LS 6°s0%1] e couz{ 9 vzLl | v s~ (VALY g it utul- - Huia Lt
0166 6°8€S 6°sont| 6°500Z| 9*vzL1 | vsunl YA Y %0l v ni- + Wura 14
o Jruvjvy u...ﬂ.u:!:..;‘ o
s el s 1°st 6°92 AR v Y- 0oty M L - Ag~ 1t
$etl 142 6 L1 6° 92 A1) uuy- W) §r ol IR AGe y ut
(A z°0 1AL (4 6V 6° - (54 90 $ Y- AGL=/+ % 6¢
(Z 994du] 4 & » ..ﬁ.:: (%9ydup °q .

ZA A 41 (*ur) (*ur) addy *ON

24 1 >x 1 AL 1 1 U SWOKR 1UWOoR Wyjam Jepaov) 2 *pirov)y X JuIuodwo) Juavudao)
SSYKR SALVIVAdY A'I00S °Al A1V

44



1°69 £ 86cl 6°6%€~ 8 L18GT |2 LS66Z]E" LOYZZ] 6°06L~ £ocel €28~ 0°610t %301
6°9¢ 0°€2Z- | € 98¢~ | 6°961 [€°s9cz [2°82%z | 9°g6s- 0°66 1° 49 9Ly 8°621~ 8°02 ozt 103237331 9%
0°0 0°0 0°0 0°0 AN TN VANLT] 1° 062~ 0°0 0°0 g%y 8° %9~ 0°0 0‘0 1svm 11
(Z #3ydouT 4 s¥nge) @ ruy » 93n7s) ($24dur -qf)
z A X (*qmn) (*ur) (*uy) (eur€) dAL “oN
2L ™ | Ax 1 2z 1 AT XX 1 | jusmoy | jusmon | juswod | 1yBrem |+piocop 7z *paooy x|-piooy x uducdmo) 1uauod
(a,1800) SNOILVDO1 INANOIWOD aQNV SAILYAdOdd SSVYW SUVIVdAY FA1T100S Al a19vl

442




r s

Flgure 1.

The

SCOLE experiment apparatus,
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Shuttle:
13/16 in. steel plate
501 Ib

Mast .
3/4 x . 049 in. stainless steel tube

4,48 b

Reflector
3/4 x ,0625 in, welded aluminum tube
4,76 Ib

Figure 2. Basic SCOLE structural assembly,
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5.8125 |1

1 3/16 in. thick steel-

83,8125
13,5
14, 625
=
1. 6875 ¥
10, 125
L | 3935
eat— | § —m l 6.75 t
p— 18— '
e 54 -

Figure 3. Shuttle planform.

Steel manifold
/ .19 b

—
Lo" O
Steel tube
J 4,48 Ib
L5 %, 049
\RL o4
120"
.
O
{
\Steel manifold
1.68 Ib
Figure 4. Mast aﬁd manifold assembly,
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Bored cylinder Antenna
4,00 outer diameter Weight 4,76 Ib
t=0.25 depth = 1,50

Top surfice t = 0,25 —\

L\ Sn—L e —

22,5000 * .

Bored cylinder
3.00 outer diameter /7
t=0.25 '
depth = 1,50

Tubing Al \Jf——-—
t = 0.0625 [ 24,00 —]

0,750 outer diameter

All units are in inches
* Length does not include length of insert,

Flgure 5, Reflector assembly.,




Figure 6.

Universal joint suspension point.
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Typical accelerometer calibration.
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Figure 8b, Coordinates and sensing axig of

shuttle-mounted accelerometers,
Figure 8a. Shuttle-mounted accelerometers.

Figure 9p,

Coordinates and 8ensing axig

Figure 9a,

Mast-mounted accelerometers. of mast-mounted accelerometers,

449



X <r—-———-—-—-T>Y
-123.3
fe—10.0" e 206
e-12.0° e-18.8
™ ry

Figure 10b. Coordinates and sensing axis of

Figure lOaf Reflector-mounted accelerometers. reflector mounted accelerometers.
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Flgure 11. Typlcal rate sensor calibration.
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Figure 12b.

Coordinates and sensling axlg of
shuttle-mounted rate sensor,
Figure 12a. Shuttle—mounted, three-axis

rate sensor.

Hast-end—mounted, three-axls

rate sensor. Flgure 13b. Coordinates and sensing axls of

mast-end-mounted rate sensor.
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mlyz

i r2yz
P_c.o-.J :

Figure 17a. Mast-mounted reaction wheels, Flgure 17b. Coordinates of mast-mount'ed

reactlon wheels.
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for mast-end mounted reaction
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Figure 18a. Mast

~end mounted reaction wheels,
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Figure 19. Thruster air supply schematic. 0
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Figure 21. Thrust magnitude and duration.
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Figure 22a. Reflector-mounted thrusters.

Figure 22b. Coordinates of reflector-mounted thrusters.
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Figure 23. SCOLE computer interfaces
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Summary of Panel-Discussions

1. The mathematical problem statement is incompiete in
the sense that °rigidization® of the equations of motion
does not yieid the rigid body equations. Larry Taylor and
Yogi Kakad intend to derive the missing kinematic terms
in the partial differential equations of the fiexible beam_

2. An accurate “proof model” of the SCOLE is needed for
comparing approximate model responses and to evaluate

the various control laws. Larry Taylor will see that such
a model is made available as soon as a suitable model

exists. The modeling difficulties have been more
troublesome than expected.

3. The use of the term "modes" has been used loosely to
include the admissible functions which are often modes
under condition of no damping and no control. Also, the
full modet is nonlinear and consequently does not exhibit
modes but mode-like characteristics.

4. It will be necessary to employ relatively low-order
models for control synthesis, state estimation and on-line

- control. One must use caution, however, lest the
~ designer forgets that the full model or the actual

experimental apparatus is nonlinear and has lnﬂmte
order.

5. Cauiion is caiied for in employing Kalman filter
techniques for time-varying, nonlinear dynamics of
infinite order, such as the SCOLE problem
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